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EXECUTIVE  SUMMARY 


Metal  matrix  composites  (MMCs)  have  been  heavily  studied  over  the  past 
thirty  years.  During  that  period,  many  proposals  have  been  made  to  develop  a 
matrix  alloy  that  was  compatible  with  the  reinforcing  phase.  However,  for  one 
reason  or  another,  the  technology  has  continued  to  focus  on  conventional 
alloys  and  fabrication  practices.  Although  tremendous  advances  have  been 
made  on  composite  materials,  the  basic  technology  remains  similar  to  systems 
studied  twenty  years  ago.  This  work  represents  the  first  program  where  new 
alloys  are  being  developed  for  graphite  reinforced  composites  which  are 
tailored  to  a  novel  processing  technolcgy  for  manufacturing  corrosion  resistant 
graphite  reinforced  composites. 

High  modulus  graphite  fiber  reinforced  metal  matrix  composites  offer  a  wide 
variety  of  attractive  properties  including:  high  specific  modulus  and  strength  (E/p 
and  ITTS/p).  tailorable  or  zero  coefficient  of  thermal  expansion  (GTE),  and  high 
thermal  conductivity.  With  these  properties,  structures  can  be  designed  and 
fabricated  from  MMCs  that  are  dimensionally  stable  when  subjected  to  both 
thermal  and  mechanical  perturbations. 

However,  several  problems  have  been  associated  with  graphite/ 
magnesium  (Gr/Mg)  and  graphite/biuminum  (Qr//kl)  MMCs  that  can  be  grouped 
into  four  m^jor  categories: 

•  poor  corrosion  resistance. 

•  significant  reactivity  between  the  fiber  and  matrix  during  processing  that 
can  lead  to  embrittlement. 

•  excessive  thermal  and  strain  hysteresis  due  to  low  matrix  strength,  and 

•  limited  processing  capabilities  restricted  to  simple  shapes  and  fiber 
architectures. 

In  this  program,  nonequilibrium  alloying  by  sputter  vapor  deposition  is 
being  investigated  and  offers  the  potential  to  eliminate  all  of  these 
shortcomings.  Although  the  emphasis  of  this  investigation  is  on  improving  the 
corrosion  resistance,  this  technique  may  also  greatly  enhance  fabrication 
capability,  eliminate  fIberAnatrix  reaction,  and  reduce  thermal  hysteresis. 


During  this  first  year,  binary  alloys  consisting  of  Mg^.  Mg-Mo.  Mg-T a.  Mg- 
W.  Ai-Cr.  Al-Mo,  Ai-Ta,  and  Al-W  as  well  as  ternary  allo^  composed  Mg-Ta>W. 
Mg-Ai-W.  and  Al-Mg-W  were  successfully  fabricated.  While  all  exhibited 
improved  corrosion  resistance  over  pure  Ai  and  Mg.  detailed  testing  indicates 
Ai*W.  Al-Mo.  Al-Mg-W.  and  possibly  Al-Mg-Mo  show  the  best  potential  for 
fabrication.  Each  of  these  alloys  exhibited  marked  increases  in  pitting  potential 
and  reduce  galvanic  interaction  both  before  and  after  heat  treating  at  nominal 
composite  processing  temperatures.  In  each  case,  solid  solutions  well  beyond 
equilibrium  solubility  limits  were  deposited  and  the  alloy  was  stable  during  heat 
treatment  at  400*C.  These  alloys  will  be  carried  into  the  next  phase  of  this 
program  where  the  parameters  required  to  deposit  these  alloys  onto  P75  fibers 
will  be  established  and  preliminary  hot  isostatic  pressing  (HIRng)  experiments 
will  be  conducted  to  established  the  composite  consolidation  cycle. 
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1.0  INTRODUCTION 


High  modulus  Gr  fiber  reinforced  MMCs  offer  a  wide  variety  of  attractive 
properties  including  high  specific  modulus  and  strength  (E/p  and  UTS/p), 
taiiorable  or  zero  coefficient  of  thermal  expansion  (GTE),  and  high  thermal 
conductivity.  Precision  structures  fabricated  from  MMCs  can  maintain 
dimensional  stability  when  subjected  to  both  thermal  and  mechanical  loads.  An 
example  of  a  widely  used  satellite  structure,  in  which  the  performance  could  be 
greatly  improved  using  MMCs,  is  the  beam  compactor  or  beam  expander 
secondary  minor  (or  sub-reflector)  support  structure  (Figure  1-1). 


Ftgwf  1-1.  S^nnmtle  of  m  Staring  Totooeopo 

Unfortunately,  MMCs-espedally  Gr  fiber  reinforced  composites-have  been 
found  to  be  extremely  susceptible  to  corrosion  with  severe  corrosion  in  chloride- 
containing  environments  occurring  in  as  little  time  as  several  weeks  for  Gr/Ai 
composites  [Ref.  1-3]  or  in  Just  a  few  days  tor  Gr/Mg  composites  [Ref.  4.5]. 

The  mechanisms  behind  this  rapid  attack  depend  on  the  matrix  metal,  fiber, 
and  the  processing  condition  used  to  fabricate  the  composite.  The  literature 
reveals  that  pitting  [Ref.  1.3,6, 7],  galvanic  corrosion  [Ref.  2,6.8.9].  residual 
chlorides  [Ref.  10],  and  second  phase  particles  [Ref.  1,7,11]  all  contribute  to  the 
degradation  of  Gr/AI  composites.  Pitting  and  galvanic  corrosion  are  intrinsic 
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corrosion  problems,  whereas  residual  chlorides  and  second  phase  particles  are 
corro^on  problems  introduced  through  processing.  There  is  general 
agreement  tfiat  corrosion  of  Gr/AI  MMCs  initiates  in  a  pitting  mode  [Ref.  1-3,7]. 
Residue^  (^lorides  (left  behind  during  the  coating  fibers  with  the  wettability 
promoting  TIB2)  and  second  phase  particles,  such  as  AI4C3,  play  key  roles  in 
propagating  degradation  of  the  composite.  Once  the  graphite  fibers  are 
exposed,  the  cathodic  reaction  on  the  Gr  fibers  accelerates  corrosion  of  the 
matrix  metal,  ultimately  leading  to  structural  failure  of  the  composite. 

To  improve  the  corrosion  resistance  of  Gr  MMCs.  several  techniques  such 
as  overcoatings,  cathodic  protection,  and  use  of  cathodic  inhibitors  have  been 
investigated  in  the  past.  However,  each  of  these  techniques  effect  composite 
properties  and  only  delay  pitting  and  subsequent  galvanic  interaction  between 
the  metal  matrix  and  the  Gr  [Ref.  1,3,6].  While  some  coatings  have  been 
successful  in  delaying  the  corrosion  process,  they  do  not  alter  the  inherent 
corrosion  resistance  of  the  Ai  to  pitting,  and  thus,  they  are  only  a  temporary 
solution. 

The  overall  objective  of  this  research  is  to  determine  if  nonequilibrium 
alloying  can  be  used  to  improve  the  corrosion  resistance  of  graphite  reinforced 
MMCs.  Of  specific  interest  are  improving  the  inherent  corrosion  resistance  of 
the  matrix  metal  and  improving  galvanic  compatibility  between  the  matrix  and 
the  graphite  reinforcement.  This  program  encompasses  both  fundamental  and 
applied  studies  which  will  be  used  to  produce  a  prototype  filament  wound 
secondary  mirror  support  structure,  like  the  one  pictured  in  Figure  1-1,  during 
the  final  stage  of  the  program. 

In  this  report,  results  of  the  first  ^ar's  effort  are  presented  and  discussed. 
The  specific  objectives  of  the  first  year's  research  were  to:  1)  develop  the 
parameters  to  co-sputter  Mg  and  AI  alloyed  with  either  Cr.  Mo.  Ta  or  W.  2) 
characterize  the  corrosion  behavior  of  these  alloys  by  anodic  polarization  and 
galvanic  corrosion  experiments  conducted  in  chloride  solutions,  and  3)  use  x- 
ray  diffraction  to  characterize  the  alloys  and  investigate  the  solubility  of  Mo.W, 
Ta  and  Cr  in  Mg  and  AI.  Non-equilibrium  concentrations  were  achieved  by 
sputtering  from  co-tocused  sources  onto  a  rotating  substrate.  Over  30  altoy 
systems  were  sputtered  and  the  corrosion  properties  measured.  Almost  all  of 
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these  alloys  exhibited  more  noble  pitting  (Ep)  and  corrosion  (Ecorr)  potentiais 
than  the  respective  pure  metals.  X-ray  diffraction  studies  of  the  alloys  both 
before  €Uid  after  heat  treatment  indicated  high  concentration  (>15  to  25  at.  %) 
Al-Mo,  Al-W,  Mg-Mo,  Mg-Ta,  and  Mg-Cr  maintained  the  solute  in  soHd  solution. 

Based  on  our  evaluation  of  the  30  alloy  systems,  seven  alloys  were 
selected  for  additional  studies.  Of  these.  Al-W.  Ai-Mo.  and  Ai-Mg-W  appear  to 
be  the  best  candidates  for  use  in  a  graphite  reinforced  MMC  from  both  a 
corrosion  and  thermal  stability  standpoint. 
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2.0  TECHNICAL  BACKGROUND 


2.1  Corrosion  Bohsvior  of  Gr/Mstal  Compositss 

Qr/AI  has  been  found  to  be  susceptible  to  severe  corrosion  in  chloride 
environments  by  a  number  of  researchers  [Ref.  1-3.6-1 1].  In  the  absence  of 
surface  flaws,  degradation  of  the  composite  is  initiated  by  pitting  that  proceeds 
at  a  rate  typical  of  monolithic  Ai  alloys.  Once  the  outer  surface  of  the  composite 
has  been  penetrated,  corrosion  is  propagated  by  the  cathodic  reaction  on  the 
exposed  graphite  fibers.  The  large  difference  in  corrosion  potentiai  between 
the  matrix  metal  and  Qr  fibers  drives  the  rapid  dissolution  of  the  matrix,  it  has 
been  reported  that  the  corrosion  rate  of  AI  can  be  increased  eighty-fold  when 
equal  areas  of  Gr  and  Ai  are  coupled  [Ref.  10].  Internal  residual  chlorides, 
introduced  during  fabrication  of  the  composite,  have  been  found  to  greatiy 
accelerate  localized  corrosion  of  the  matrix.  These  residuai  chlorides  at  the 
fiber-matrix  interface  are  by  products  of  the  coating  put  on  the  fibers  to  improve 
wettability.  Also,  reaction  of  the  Gr  with  Ai  can  lead  to  the  formation  of  carbides 
at  the  interface  which  contribute  to  degradation. 

During  the  past  decade  a  variety  of  methods  for  improving  the  corrosion 
resistance  of  Gr/AI  MMCs  have  been  investigated  with  iittle  success.  These 
methods  include:  cathodic  protection  [Ref.  10].  electrical  insulation  between  the 
Gr  fiber  and  metal  matrix  [Ref.  10].  use  of  cathodic  inhibitors  [Ref.  10.11].  and 
barrier  ooatings  [Ref.  1.3.6].  Cathodic  protection,  which  promotes  the  formation 
of  hydroxyl  ion.  can  be  dangerous  and  is  not  recommended  because  AI  is 
susceptible  to  corrosion  in  alkaline  environments.  Electrical  insulation  of  the  Gr 
fibers  from  the  matrix  by  a  continuous  coating  is  possible,  but  impractical  since 
flaws  in  the  coating  can  never  be  totaiiy  eliminated.  In  addition,  coatings  that 
promote  wetting  always  partially  react  with  the  matrix  to  establish  a  good  bond, 
further  increasing  the  potentiai  for  intimate  fiber/matrix  contact.  Cathodic 
kihibitors,  such  as  ZnCi2  or  mixtures  of  Na^r04  and  ZnCi2,  show  promise  for 
decreasing  galvanic  corrosion  [Ref.  10]  through  the  precipitation  of  Zn(OH)2  on 
cathodic  sites  which  effectively  reduces  the  cathodic  area.  However,  this  is 
difficuit  to  put  into  practical  use  in  a  composite.  Protective  coatings  such  as 
eiectropiated  [Ref.  1]  or  electroless  Ni  [Ref.  3.6],  anodization  [Ref.  3,6],  chemical 
vapor  deposition  of  either  Ni  [Ref.  3,6)  or  chromium  carbide  [Ref.  1],  and  organic 
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coatings  [Ref.  1]  have  all  been  used  to  inhibit  localized  corrosion  and  seal 
surface  flaws  in  the  composite.  Although  these  coatings  can  extend  the  life  of 
ttie  composite,  its  Inherent  corrosion  resistance  is  still  poor-leaving  the 
composite  susceptible  to  severe  degradation  when  the  coating  is  damaged. 
Furthermore,  these  coatings  increase  material  density  and  may  alter  thermal 
dimensional  stability  of  the  composite.  For  aerospace  applications,  flaking  of 
the  coating  onto  sensitive  surfaces  such  as  detectors  or  reflectors,  will  also  be  a 
problem. 

Gr/AI  Metal  Matrbc  Composite 

Al  immersed  in  an  aerated  aqueous  chloride  solution  buffered  to  a  near 
neutral  pH,  dissolves  locally  according  to  the  following  anodic  reactton: 

Al  —  Ai^  +  3e- 

with  oxygen  reduction  at  cathodic  sites  proceeding  by  the  foiiowing  reaction: 

O2  +  2H2O  +  4e*  —  40H-. 

Corrosion  of  Al  under  these  conditions  is  in  the  form  of  pits,  with  the  majority  of 
the  surface  remaining  passive  as  shown  by  the  dashed  line  in  Figure  2'1 .  Once 
the  electrochemically  noble  Gr  is  exposed,  corrosion  of  the  Al  matrix  is 
accelerated  due  to  galvanic  corrosion.  This  point  is  illustrated  in  Figure  2- 
1(solid  line),  which  shows  that  the  dissolution  of  Al  is  dramatically  increased  as 
a  result  of  oxygen  reduction  taking  place  on  the  exposed  Gr  fibers.  The  rate  of 
dissolution  increases  as  the  amount  of  exposed  Gr  fiber  increases,  and 
extensive  dissolution  can  occur  in  a  very  short  period  of  time. 

The  adrfition  of  several  atomic  percent  of  W.  Ta,  Cr,  or  Mo  has  been  shown 
to  substantially  increase  the  pitting  potential  of  sputter  deposited  Ai  as 
Hlustrated  in  Figure  2-2.  The  solute  concentration  need  not  be  high  to  have  a 
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significant  impact.  At  a  W  concentration  of  1.5  at.  %,  the  average  Ep  is  *1 1 1 
^VscE  (lor  a  0.1M  KCI  soiution)  as  shown  in  Figure  2>3.  This  alioy  would  not 
undergo  pitting  either  when  exposed  to  an  air  saturated  0.1  M  chloride  solution 
or  as  a  result  of  galvanic  coupling  to  any  metal  or  conductor  with  an  Eoorr  loss 
than  the  ^  fOr  the  aNoy  ('^200  mVgcE)' 


By  superimposing  the  cathodic  polarization  data  for  Gr  on  the  anodic 
polarization  data  fdr  the  AI-1.5  at.  %  W  aHoy,  the  effects  of  the  galvanic  coupling 
on  the  corrosion  behavior  of  the  Al  matrix  can  be  estimated.  Figure  2-4  shows 
cathodic  polarization  data  for  P100  Qr  fibers  in  aerated  3.15  wt.  %  NaCI 
(derived  from  reference  10 ),  superimposed  on  the  anodic  polarization  curve  for 
the  AI-1.5  at.  %W  aNoy.  This  figure  reveals  that  even  at  a  Qr:AI  area 
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ratio  of  l-to-l.  corrosion  of  the  non>equMibrium  AI-1.5  at.  %  W  alloy  was  not 
accelerated  as  a  result  of  galvanic  coupling. 

Qr/Mg  Metal  Matrix  Compoalta 

Magnesium  in  Qr/Mg  composites  experiences  far  more  dramatic 
degradation  than  that  observed  for  Gr/A).  Unlike  Al,  which  can  form  a  passive 
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film  that  Hmits  attack,  the  surface  film  that  forms  on  Mg  is  not  very  protective.  For 
example,  high  purity  Mg  in  a  benign  solution  of  sodium  borate/boric  acid  (pH 
9.3)  exhibits  a  passive  current  density  of  1-2  mA/cm^  [Ref.  17];  whereas,  a 
typical  current  density  for  Al  in  a  near  neutral  pH  solution  is  on  the  order  of 
several  //A/cm^.  Impurities  in  Mg.  particulariy  Ni.  Fe.  and  Cu.  further  increase 
the  corrosion  rate. 

For  Mg  alloys,  the  rate  controlling  reactk>n  is  the  evolution  of  hydrogen  as 
opposed  to  reduction  of  oxygen  as  in  Ai  alloys.  Mg  dissolves  by  the  foltowing 
reaction: 

Mg  —  Mg+2  +  2er 

arxl  in  near  neutral  aqueous  solutions,  water  is  reduced  to  form  hydrogen  gas 
aixl  hydroxyl  ions: 

2H^  +  28r  -•  H2  +  20H-  . 

Efforts  to  reduce  the  corrosion  of  Mg  and  its  alloys  have  focused  on  eliminating 
trace  element  impurities.  These  impurities  increase  corrosion  by  establishing 
microgalvanic  ceils  within  the  Mg  alloy  since  they  are  electropositive  to  Mg  by 
several  hundred  millivolts.  In  the  case  of  Fe.  as  little  as  160  ppm  in  the  Mg  alloy 
can  greatly  accelerate  corrosion  rates  [Ref.  18].  However,  not  all  elements  are 
deleterious  to  the  corrosion  behavior  of  Mg.  For  example.  Al.  which  is  used 
extensively  as  an  alloying  addition  to  Mg.  has  been  shown  to  improve  corrosion 
resistance.  Studies  of  rKmequiiibrium  alloying  of  Mg  with  10  to  23  wt.  %  Al  have 
shown  that  the  corrosion  rate  can  be  decreased  by  two  orders  of  magnitude 
[Ref.  22].  This  decrease  in  corrosion  rate  was  attributed  to  the  formation  of  an 
aluminum  rich  passive  film.  Small  concentrations  of  Zn  and  Mn  have  also  been 
found  to  increase  the  corrosion  resistance  of  Mg  by  minimizing  the  deleterious 
effect  of  Fe.  The  addition  of  1  wt.  %  Zn  or  Mn  effectively  decreases  the 
corrosion  rate  of  Fe-contamlnated  Mg  by  almost  three  orders  of  magnitude 
(Figure  2-5).  The  end  result  of  these  efforts  is  an  alloy  that  is  still  susoeptibie  to 
corrosion,  because  the  basic  composition  of  the  passive  film  is  not  sufficientiy 
altered. 
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In  the  case  of  Al.  our  effort  focuses  on  improving  ttie  passivity  of  the  alloy  to 
eliminate,  or  at  least  minimize,  galvanic  attack.  Magnesium  on  the  other  hand  is 
e}(tremely  reactive,  and  its  passive  film  Is  easily  dissolved.  Hence,  for  this  metal 
it  is  necessary  to  add  elemfmts  that  not  only  improve  passivity  but  also  limit 
reactivity.  To  do  this  alloying  elements  must  serve  two  roles:  (1)  passivate  the 
alloy,  and  (2)  drive  the  corrosion  potential  in  the  noble  direction.  To  improve  the 
inherent  corrosion  resistance  of  Mg,  it  will  be  essential  to  enhance  its  passivity. 

One  method  to  increase  passivity  is  to  alloy  the  Mg  with  Cr.  Mo,  Ta,  or  W  in 
nonequilibrium  concentrations.  A  key  to  this  approach  is  to  keep  the  solute  in 
solid  solution.  Precipitation  of  a  second  phase  would  not  only  tie  up  the 
passivity  enhancing  species  in  precipitates,  diminishing  passivity~it  would  also 
increase  corrosion  through  the  establishment  of  microgalvanic  cells. 

Addition  of  certain  transition  metals  to  Al  shifts  the  Eoorr  of  the  alloy  several 
hundred  millivolts  in  the  positive  direction.  Table  2-1  shows  this  effect  for  Al-Mo 
alloys  [Rel.  13]  in  deareated  0.1M  KCI.  In  each  case,  the  Mo  in  the  alloy 
remains  In  solid  solution  with  the  Al.  The  increase  in  Econ  is  believed  to  result 
from  an  increase  in  the  exchange  current  density  for  the  reduction  reaction  (in 
this  case  -  hydrogen  evolution),  as  illustrated  in  Figure  2-6.  The  Mo  addition 
effectively  catalyzes  the  hydrogen  evolution  reaction  on  the  surface  of  the  alloy 
and  in  the  process  shifts  the  open  circuit  potential  more  noble.  We  have  noticed 
similar  shifts  in  the  Ecorr  of  Al  alloyed  with  Ta  and  W  in  both  aerated  and 
deareated  in  0.1M  KCI  solutions.  Rgure  2-7  shows  approximate  exchange 
current  densities  for  the  hydrogen  evolution  reaction  on  a  number  of  metals  as  a 
function  of  their  location  in  the  periodic  table  [Ref.  20].  Al  and  Mg  both  have  low 
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exchange  current  densities,  whereas  the  exchange  current  densities  of  Mo.  Ta. 
and  W  are  three  orders  of  magnitude  higher.  If  the  Eoorr  of  Mg  could  be  shifted 
through  solid  solution  alloying  with  elements  such  as  Mo,  Ta,  or  W,  then  the 
galvanic  compatibility  of  Mg  with  Gr  could  be  significantiy  enhanced. 

2.2  PHASE  EQUILIBRIUM 

In  general,  the  solubility  of  Group  Vb  and  VIb  transition  metals  in  either  Al  or 
Mg  is  extr«nely  limited.  In  fact,  none  of  these  transition  metals  have  been  found 
to  have  even  small  solid  solubility  limits  in  Mg.  Aluminum,  on  the  other  hand 
will  retain  small  amounts  of  the  Group  Vb  and  VIb  transition  metals  in  solid 
solution.  Each  of  the  Al-Group  Vb  and  VIb  alloy  systems  exhibits  a  peritectic 
reaction  on  the  Al  rich  side.  Solid  solubility  limits  average  less  than  0.5%  for  the 
Group  Vb  and  VIb  metals  in  Al.  A  few  details  of  each  of  the  binary  systems 
investigated  in  this  program  and  their  corresponding  phase  diagrams  are 
presented  in  the  following  paragraphs.  Although  investigators  are  cited  in  each 
section,  ail  data  was  found  in  ASM  Binary  Phase  Phase  Diagrams,  Second 
Edition.  [Ref.  21] 

MfliQl 

Although  a  phase  diagram  does  not  exist  for  the  Mg-Cr  system,  Montignie 
has  suggested  the  formation  of  CrMg,  Cr2Mg3,  CrMg3,  and  CrMg4.  However, 

these  postulated  phases  have  not  been  experimentally  verified  and  have  been 
questioned  because  at  any  given  temperature.  Cr  cannot  be  in  equilibrium  with 
several  intermetallic  phases. 

Ma-Mo 

Investigations  by  SauerwakJ  and  Qimax  Molybdenum  Company  reported 
that  Mo  does  not  alloy  with  Mg.  Therefore,  the  phase  diagram  is  simply 
eiementai  Mg  and  elemental  Mo  for  all  concentrations. 


Ma-Ta 

Although  a  phase  diagram  does  not  exist,  Guiyae  has  suggested  the  Mg-Ta 
system  will  have  a  peritectic  reaction  at  6S2*C  with  an  estimated  0.1  to  0.2  at.  % 
of  Ta  in  Mg.  However,  no  data  currently  exists  for  this  binary  system. 
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Similar  to  the  previous  3  systems,  no  phase  diagram  exists  for  the  Mg-W 
binary  alloy  system.  Studies  by  Kremer  and  Sauerwald  and  Busk  concluded 
that  Mg  does  not  alloy  with  W. 

AtSL 

The  Al-Cr  phase  diagram,  shown  in  Figure  2-8,  is  based  o  n 
experimentation  and  thermodynamic  calculations.  On  the  Ai  rich  side  there  Is  a 
peritectic  reaction  at  661.45**C  with  AI  alloyed  with  0.35  at.  %  Or.  As  the  Or 
concentration  increases,  a  two  phase  field  of  Ai  and  the  AlyCr  intermetaiiic  is 
found.  As  the  concentration  of  Cr  is  further  increased,  a  series  of  intermetaiiic 
compounds  with  increasing  Cr;AI  ratio  can  form.  For  Cr  concentrations  of  1  to 
10  at.  %  the  phase  diagram  indicates  heat  treating  may  result  in  decomposition 
of  the  solid  solution  to  Ai  and  AItCt. 

Akilfi 

Examining  the  Al-Mo  phase  diagram  in  Figure  2-9,  the  solid  solubility  of  Mo 
in  AI  is  very  low.  At  0.077  at.  %  Mo  th^e  is  a  peritectic  reaction  of  liquid  and 
Ai.|2Mo  to  AI.  For  Mo  concentrations  between  0.07  and  7.9  at.  %,  the 
equilibrium  phases  are  AI  and  AI.12M0;  and  from  7.9  to  16.8  at.  %  the 
equilibrium  phases  are  AI5M0  and  AI^2^o.  Early  work  with  rapidly  quenched 
alloys  extended  the  concentration  of  Mo  in  AI  up  to  2.7  at.  %. 

AIJl 

The  Al-Ta  phase  diagram  is  shown  in  Rgure  2-10.  Solid  solubility  of  Ta  in 
AI  is  limited  to  less  than  0.04  at.  %.  Above  this  concentration,  up  to  24  at.  %  Ta, 
there  is  a  two  phase  region  of  AI  and  TaAls. 

Al-W 

Similar  to  ail  the  Ai-Group  Vb  and  Vib  alloys,  the  Ai-W  phase  diagram 
shows  a  peritectic  reaction  on  the  Ai-rich  side  (Figure  2-1 1 ).  Solubility  of  W  in 
AI  is  virtually  zero.  At  room  temperature,  the  equilibrium  phase  consists  of  AI 
and  y-AliaW  for  compositions  between  0  and  8  at.  %  W.  From  8  to  17  at  %  W, 
the  equilibrium  phases  are  AI12W  and  AI5W. 
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FIgwm  2-8.  AlumlnunhChromlum  Phaa*  Diagram  [Raf.  21] 
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PIgurm  2-^  AlumlntmhtMybdanum  Phaaa  Diagram  fRat.  21]. 
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2-10.  AltuttlnunhTmtalum  Pha—  Diagram  [Raf.  21]. 

Weight  Percent  Tungsten 


PIgura  2-11.  AhinrimuihTlmgatan  Phaaa  Diagram  [Raf.  21]. 
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3.0  EXPERIMENTAL  PROCEDURE 


Development  of  the  corrosion  resistant,  nonequilibrium  Mg  and  Al  alloys 
was  divided  into  two  phases.  In  the  first  phase,  sevo^  alloys  were  sputtered 
with  various  compositions  and  tested  to  assess  their  corrosion  resistance  and 
thermal -stability.  Seven  of  these  alloys  were  then  chosen  for  more  detailed 
corrosion  testing  and  thermal  and  mechanical  evaluation  in  phase  2. 

During  the  first  phase,  sputtering  rates  were  determined  for  Mg,  Al,  and 
each  of  the  Group  Vb  and  Vib  transition  metals.  Alloy  compositions  were 
predicted  from  the  rate  data  and  the  ^Dutter  power  conditions  were  adjusted  to 
obtain  a  range  of  desired  alloy  compositions.  Three  to  six  alloys  were  sputtered 
from  each  binary  system  and  compositional  analysis  was  conducted  using 
either  energy  dispersive  x-ray  spectroscopy  (EDS)  or  inductively  coupled 
plasma  (iCP).  X-ray  diffraction  (XRD)  of  each  film  was  conducted  to  determine 
whether  the  solute  was  deposited  during  sputtering  in  solid  solution  and  also  if 
it  remained  in  solid  solution  after  heat  treating  at  typicai  HIP  processing 
temperatures.  Concurrently,  anodic  and  cathodic  polarization  curves  were 
generated  on  each  alloy  to  assess  corrosion  performance. 

in  the  second  phase  of  the  program,  the  alloys  with  the  best  performance 
from  phase  1  (in  terms  of  corrosion  resistance  and  thermal  stability)  were 
selected  for  further  evaluation.  These  alloys  were  sputtered  onto  both  Si  wafers 
and  Or  coupons  for  more  detailed  thermal  stability  and  corrosion  testing.  XRD 
was  conducted  both  before  and  after  heat  treatment  at  400”C  to  determine  if  a 
second  phase  precipitated  and  to  assess  reactivity  of  the  alloy  with  Gr.  Anodic 
potentiodynamic  polarization  behavior  was  evaluated  on  both  Si  and  Gr 
substrates,  in  order  to  investigate  the  galvanic  compatibiiity  of  the  alloys  with 
Gr,  galvanic  current  diagrams  and  galvanic  current  measurements  were  used. 


3.1  602R8  Loadlock  Thin  Film  Depoaltlon  System 

A  602RS  Loadlock  Thin  Rm  Deposition  System  was  used  to  deposit  the 
binary  and  ternary  Al  and  Mg  alloys.  The  chamber  is  a  box  construction.  43  x 
66  X  61  cm.  with  three  co-toct»ed  cathodes  that  allow  for  a  large  range  of  alloy 
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compositions.  Each  cathode  holds  a  7.6  cm  dia.  x  0.32  cm  thick  target  which  is 
sputtered  rnito  a  lOO-mm  dia  rotating  substrate  hoider.  Cathode  1  is  interfaced 
with  an  Advanced  Energy  (AE)  MDX  1.5K  power  supply  which  provides  1500 
watts  at  a  maximum  of  700  volts  direct  current  (VDC).  Power  for  cathode  2  is 
switchabie  for  either  DC  or  radio  frequency  (RF)  operation.  DC  power  is 
supplied  by  an  AE  MDX  1.5K  which  regulates  power  up  to  1500  watts  (W)  at 
500  VDC.  RF  for  cathode  2  is  supplied  by  an  AE  RFX-600  interfaced  with  an 
AE  ATX-600  tuner.  An  in-iine  blocking  filter  was  installed  to  prevent  RF  power 
from  translating  back  to  the  DC  power  supply.  The  third  cathode  is  RF  power 
only  which  is  supplied  with  an  AE  RFX-600  and  the  power  conditions  are  tuned 
with  the  AE  ATX-600.  In  addition,  the  substrate  hoider  Can  heat  treat  specimens 
prior  to.  or  during,  deposition.  Vacuum  is  maintained  using  a  CTi  Cyrotorr-8 
vacuum  pump  that  is  rough  pumped  with  a  Alcatel-Drytel  100  turbomolecular 
drag  pump.  Contamination  free  films  can  be  achieved  because  both  of  the 
vacuum  pumps  are  oil-free  and  substrates  are  transferred  into  the  main 
chamber  through  a  loadlock  that  is  evacuated  with  the  turbopump.  The  load 
lock  can  be  evacuated  to  approximately  10*5  torr  within  3  min.  which  allows  for 
rapid  transfer  of  specimens  into  the  sputter  chamber,  thereby  avoiding  any 
possible  contamination  that  may  be  experienced  by  opening  the  chamber. 
During  sputtering,  gas  is  introduced  at  a  specified  flow  rate  and  the  sputtering 
pressure  is  controlled  between  1.0  and  100  millitorr  with  a  VAT.  Inc.  Series  64 
Pressure  Controller.  Sputtering  pressure  is  regulated  by  a  combination  of  gas 
flow  rate  and  the  conductance  of  the  high  vacuum  valve  between  the  cyropump 
and  chamber.  Substrate  rotation  during  deposition  results  in  uniform  films  with 
a  variation  in  the  thickness  of  no  more  0.1%  from  center-to-edge.  Typically,  the 
substrate  is  rotated  at  a  speed  of  30  ipm.  All  systems  and  subsystems  are 

s 

controlled  by  an  IBM  PS/2  50Z  computer  that  allows  for  fully  automatic 
operation. 

3.2  Sputtering  Rate  Determination 

Prior  to  depositing  the  alloys,  sputtering  rates  for  Al,  Mg,  Cr,  Mo.  Ta,  and  W 
were  determined  by  sputtering  films  onto  glass  slides  that  were  partially 
masked.  Step  heights  between  the  coated  and  uncoated  regions  were 
measured  using  a  Sloan  Dektak  II  Profilometer  with  a  ±5.0  nm  accuracy.  Three 
profHometer  scans  of  between  3  and  8  fun  were  conducted  on  each  glass  slide 
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to  obtain  an  average  rate.  Each  element  was  sputtered  at  different  power 
settings  to  obtain  sputter  rate  versus  power  curves.  Rate  was  caicuiated  by 
dividing  fHm  thickness  by  total  deposition  time. 

3.3  Alloy  Development  and  Characterization 

Binary  alloys  were  deposited  onto  lO^m  dia.  Si  wafers  using  the 
predetermined  sputter  rates  for  each  element.  The  wafers  were  then  cleaved 
into  smaller  sections  for  compositionai  analysis.  XRD,  heat  treatment,  and 
corrosion  testing. 

Upon  removal  from  the  sputtering  system  load  lock  chamber,  the  alloy  was 
immediately  visually  inspected  and  the  appearance  recorded.  Distinguishing 
features  such  as  reflectivity,  cloudiness,  color  and  surface  roughness  were  all 
noted. 


A  total  of  60  alloys  were  fabricated  in  the  first  phase  of  this  task.  The  alloys 
which  exhiMed  the  best  overall  corro^n  behavior  were  selected  for  more 
detailed  study  in  phase  2.  Thes  new  films  were  sputtered  onto  both  Si  and  Gr 
substrates  for  corrosion  testing  and  characterization,  and  a  section  of  each  film 
was  heat  treated  for  1  h  at  400*0. 

A  JEOL  840  Scanning  Electron  Microscope  (SEM)  was  used  to  examine 
the  microstructure  of  each  alloy.  EDS  compositional  analysis  was  performed 
during  SEM  analysis.  A  semi-quantitative  computer  program  was  used  to 
analyze  x-ray  spectra  by  comparing  the  acquired  peaks  to  a  library  of 
references  stored  on  disk.  The  computer  program  uses  a  multiple  squares 
analysis  to  accurately  measure  peak  intensities,  remove  background,  and  to 
unfold  overlapping  peaks.  Conditions  for  the  EDS  analysis  were  kept  constant 
for  aN  films  to  reduce  error.  Conditions  for  the  EDS  analysis  were  as  follows: 


Voltage: 
Magnification: 
Working  Distance: 
Countafoln: 
Acquisition  Time: 


15  kV 
350X 
35  mm 
140010  1800 
100  sec 
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Each  alloy  was  analyzed  in  three  locations  to  obtain  an  average 
composition  and  to  determine  if  the  composition  varied  with  position.  In 
addition,  compositions  of  several  alloys  were  measured  by  direct  current 
plasma  emission  (inductively  coupled  plasma  (ICP))  using  a  Beckman 
Spectraspan  VI. 

X-ray  diffraction  using  a  Rigaku  Rotofiex  12  kW  rotating  anode  unit  was 
conducled  on  each  film  to  ensure  that  the  solute  was  in  solid  solution  with  either 
Ai  or  Mg.  This  was  done  immediately  after  sputtering  and  following  heat 
treatment  at  400*C  for  1  h.  Intensity  versus  diffraction  angle  (20)  was  measured 
for  each  alloy  betore  and  after  heat  treating  and  plotted  together  for  direct 
comparison  of  the  effect  of  heat  treatment  on  the  thermal  stability  of  the  alloy. 

Heat  treating  was  conducted  in  the  DV-602  RS  Thin  Film  Deposition 
chamber  fitted  with  a  hot  stage.  The  procedure  involved  bringing  the  stage  to 
400  *C  while  the  specimens  were  in  the  load  lock.  Following  this,  the 
specimens  were  transferred  into  the  chamber  for  heat  treatment  for  one  hour 
and  then  removed  through  the  load  lock.  During  the  heat  treating  process,  a 
pressure  of  100  milHtorr  was  makitained  in  the  chamber  with  high  purity  Ar  as 
the  cover  gas. 

3.4  Corroaion  Testing 

Potantlodynamlc  Polarization  Meaeuremente 

Over  160  anodic  potentiodynamic  polarization  experiments  were  conducted 
on  the  Mg  alloys  and  over  50  scans  were  generated  on  the  Ai  alloys  using 
either  an  EG&Q  Princeton  Applied  Research  (PAR)  Model  273  Potentiostat  or  a 
EQ&Q  PAR  Versastat  Potentiostat  which  were  computer  controlled  with  Model 
352  software.  For  this  year's  investigation  the  alloys  were  deposited  onto  glass, 
Si  single  crystal  wafers,  and  graphite.  In  the  case  of  the  graphite  and  glass 
subetra^  the  specimens  were  tested  using  an  EQ&G  PAR  Model  K0235  fiat 
cell.  For  the  alloys  deposited  onto  SI  single  crystal  wafers,  individual 
specimens  were  prepared  from  cleaved  portions  of  the  wafers  by  attaching  a 
coated  lead  wire  and  masking  the  connections  and  the  back  and  edges  of  the 


20 


specimen  with  a  marine  epoxy  paint  (interiux  404/414).  Poiarization  curves 
were  generated  at  scan  rates  ranging  from  1  mV/s  to  0.008  mV/s  with  the 
majority  of  tests  being  conducted  at  a  rate  of  0.2  mV/s.  The  experiments  were 
conducted  in  0.1M  NaCI  with  the  pH  adjusted  to  8  (  a  few  experiments  were 
conducted  at  a  pH  of  10)  and  a  few  were  also  conducted  in  artificial  seawater 
(conforming  to  ASTM  std  01141).  Most  experiments  were  conducted  without 
aeration~a  corKlition  which  is  more  reproducible  than  attempting  to  maintain  a 
constant  level  of  aeration  for  a  large  number  of  experiments.  All  experiments 
wma  conducted  on  at  least  duplicate  specimens  at  ambient  room  temperature 
(23  to  27  C).  After  immersion  and  prior  to  poiarization.  the  open  circuit  potential 
for  the  Al  specimens  were  allowed  to  stabilize  for  at  least  1  hour.  For  most  of 
Mg  alloy  experiments,  ^orr  was  allowed  to  stabilize  for  only  a  few  minutes  since 
exposure  to  these  solutions  for  one  hour  prior  to  polarization  often  resulted  in 
total  loss  of  the  thin  film.  As  a  result  of  the  pseudo-passivation  observed  for  the 
Al-Ta  alloys  it  was  possible  to  allow  Ecorr  for  these  specimens  to  stabilize  for  1 
hour  prior  to  poiarization.  All  potentials  given  in  this  report  are  relative  to  a 
saturated  calomel  reference  electrode  (SCE). 

Cathodic  polarization  behavior  of  the  brittle  P75  graphite  was  evaluated 
using  fibers  which  had  been  embedded  in  a  dielectric  polyetheretherketone 
(PEEK).  The  top  and  one  edge  of  the  PEEK  graphite  sample  were  abraded 
with  800  grit  paper  to  expose  the  fibers  and  a  lead  wire  was  attached  to  the  top 
of  the  specimen.  Prior  to  testing,  ail  but  the  one  abraded  surface  of  the 
specimen  was  coated  with  a  marine  epoxy  paint.  The  surface  area  of  the 
graphite  was  determined  by  measuring  the  tested  surface  area  and  multiplying 
it  by  the  fiber  volume  fraction  (53.8%)  which  was  calculated  with  a  Buehler 
OmnHnet  II  Image  Analyzer.  Cathodic  poiarization  scans  were  conducted  at  a 
scan  rate  of  0.2  mV/s  under  the  same  conditions  as  described  above. 

The  gfldvanic  corrosion  performance  of  nonequilibrium  alloy/graphite 
couples  was  estimated  using  galvanic  current  diagrams  [Ref.  23].  in  these 
dtagrams,  the  anodic  ctsves  for  the  alloys  are  superimposed  on  the  cathodic 
polarizalion  curve  for  Or.  Assuming  an  insignificant  IR  drop  between  the  metal 
and  the  Qr.  no  contributions  from  reverse  reactions,  and  uniform  current 
distribution,  the  intersection  of  the  anodic  and  cathodic  curves  can  be  used  to 
esfimate  the  current  present  in  a  galvanic  couple. 
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Qalvaiilc  Taatlng 


Galvanic  tasting  was  performed  by  coupling  the  alloys  to  the  P75  graphite 
specimens  through  an  ESC  Model  440  multichannel  potentiostat/!zero 
resistance  ammeter  (operating  In  the  ZRA  mode)  and  monitoring  the  galvanic 
current  as  a  function  of  time.  These  1  week  experiments  were  conducted  in 
non-aerated  0.1  M  NaCi  for  the  Al  and  Ai  alloys  and  artificial  seawater  for  the 
Mg  and  Mg>Cr  aHoy. 
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4.0  RESULTS 


4.1  PHASE  1:  Prallmiiiary  Alloy  Oovotopmont  and  Teating 

4.1.1  Spiittar  Dapoaltlon  Rata  Evaluation 

Sputtering  rates  for  Ai.  Mg.  Cr.  Mo.  Ta.  and  W  were  determined  using  a 
Delctak  proliiometer  and  are  plotted  in  Figures  4-1  and  4-2.  For  Ai  and  Mg. 
sputtering  rates  were  determined  using  both  DC  and  RF  power.  The  rate  for  DC 
sputtering  is  iqsproximately  double  that  of  the  RF  rate.  For  example,  at  <^240  W. 
AI  sputtered  at  a  rate  of  0.29nm/^  DC  and  0.16nm/s  RF.  Similarly.  Mg  sputtered 
at  a  rate  of  1 .07nm/^  DC  and  0.43nm/s  RF.  This  also  shows  that  the  deposition 
rate  of  Mg  is  approximately  triple  the  rate  of  AI  for  both  DC  and  RF  sputtering. 
DC  sputtered  films  were  very  doudy  for  Mg  and  less  specular  for  AI.  Therefore, 
although  the  sputtering  rate  was  higher  for  DC.  RF  was  selected  to  fabricate  the 
alloys.  If  higher  rates  for  AI  or  Mg  were  needed,  two  sources  were  used. 


Plgun  4-1.  D0po»Mon  for  DC  and  RF  apuUnnd  Mg  and  AI  datmmlnad 
wring  Dakak  pmltlamatar  maaauramanta. 
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FIgurm  4-2.  DtpoaMon  nta  Utr  DC  aputtand  Cr,  Taf  Ua,  and  W  datrnmtnad 
uatng  Dakfak  protUnwrtar  maaauramanta. 

Rates  for  Cr,  Mo.  Ta,  and  W  using  DC  power  are  also  plotted  in  Rgure  4-2. 
Comparing  the  rate  at  similar  power  settings  indicated  Cr  sputtered  at  the 
slowest  rate,  and  Mo  sputtered  at  the  highest  rate.  For  example,  for  a  power 
setting  of  241  W.  deposition  rates  were  measured  at  0.23  nm/s,  0.39  nm/s,  0.35 
nm/s,  and  0.37  nm/s  for  Cr,  Mo,  Ta,  and  W,  respectively.  To  achieve  atomic 
percents  between  1  and  10%,  deposition  rates  were  also  measured  at  much 
lower  cathode  power.  Sputtering  rates  at  38  W  DC  were  measured  at 
0.037nm/s.  0.064nm/s,  O.IOnm/s,  and  0.063nm/s  for  Cr.  Mo,  Ta.  and  W. 
respectively. 

4.1.2  Alloy  Development 

Using  the  sputter  rates  determined  above,  target  alloy  compositions  as  a 
function  of  the  cathode  power  were  calculated.  Composition  was  predicted 
using  the  following  relationship: 


solute  (at.  %)  s 


RjPi/MWi 

R 1  Pi /M  Wi +R2P2^  W2 


xlOO 


(1) 
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where  R  is  the  measured  sputtering  rate,  p  is  the  density,  MW  is  the  molar 
weight,  and  the  subscripts  1  and  2  refer  to  the  solute  and  primary  binary  alloy 
oonadtuMit  (Al  or  Mg),  respectiveiy.  To  obtain  solute  concentrations  between 
0.5  and  10  at.  %.  the  lowest  power  settings  were  required.  For  example,  power 
settings  of  1%.  2%,  and  3%  were  used  for  DC  sputtering  the  solute,  which 
corresponded  to  7. 22.  and  38  W.  respectiveiy. 

Alloys  were  sputtered  from  30  to  120  minutes  to  achieve  a  desired 
thickness  of  no  less  than  ^m.  Visual  appearance  of  each  alloy  was  recorded 
upon  removal,  after  sputtering,  and  after  heat  treating.  For  the  most  part,  each 
alloy  had  a  highly  reflective  metallic  appearance  indicating  low  oxide  content. 
A  few  exceptions  were  the  2  gun  Mg  alloys,  which  had  a  cloudy  oxidized 
appearance.  This  was  attributed  to  an  increased  grain  size  resulting  from  the 
rapid  deposition  rate. 

4.1.3  Compoettional  Analysis 

Compositions  measured  by  EOS  and  iCP  are  listed  in  Table  4-1  for  the  Mg> 
Group  Vb  &  Vib  alloys  and  the  Al-Group  Vb  &  VIb  alloys.  Examination  of  this 
data  reveals  good  correlation  between  EDS  semi-quantitative  values  and  the 
predicted  composition  values.  Differences  between  measured  and  predicted 
values  likely  resulted  from  errors  in  the  rate  calculation  perturbated  from  the 
Dektak  measurements  and  from  semi-quantitative  EDS  analysis  due  to  the  high 
absorption  metals  in  the  alloys. 

Closer  examination  of  the  Mg  alloy  data  shows  solute  concentrations  fall 
into  two  ranges  based  on  whether  two  guns  or  one  gun  of  Mg  was  co-sputtered 
with  the  solute  element.  When  two  guns  of  Mg  were  sputtered,  solute 
concentration  ranged  from  0.5  at.  %  to  4.0  at.  %.  Using  one  gun  of  Mg  at  480 
W  resulted  in  solute  concentrations  between  3  and  13  at.  %  depending  on  the 
solute  sputter  source  power. 

Two  exceptions  to  these  ranges  were  the  Mg-1.5  at%  Mo,  Mg-4.6 
aL%  Mo.  Mg-7.6  aL%  Mo  aMoy  sets  and  the  Mg-1  at.%  W,  Mg-4.5  at.%  W.  Mg- 
7.4  at%  W  alloy  sets.  For  these  aHoys  toe  solute  concentration  was  much  lower 
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Tabl0  4-1.  May  eomposl^on  maaaund  by  althar  Saml-QumiUtatIva  Enargy 
Olapintiva  X-ny  Spaetn^eopy  on  a  SEU  or  btdueUvaiy  Couplad 
Plaama. 


Alloy 

AHoy  Designation 

Alloy  C< 
Predcted 

)mposition  (at  %) 

EDS 

IPC 

Mg480.C.Cr1 0.S.201 06.1 

1.7Cr 

2.4Cr 

2.65 

Mg480.C.Cr20.S.201 06.1 

5.lCr 

72Cr 

Mg480.C.Cr40.S.11215.1 

8.5Cr 

11.8Cr 

Mg-Mo 

Mg480.C.Mo10.S.10906.1 

1.5M0 

0.9MO 

Mg480.C.Mo20.S.10906.1 

4.6MO 

1.8MO 

Mg480.C.Mo40.S.10906.1 

7.6M0 

2.3M0 

Mg2/480.C.Mo10.S.1 1025.1 

0.9MO 

. 

Mg2/480.C.Mo20.S.1 1025.1 

2.8MO 

1.3M0 

Mg2/480.C.Mo40.S.1 1025.1 

4.7MO 

2.4MO 

1.35 

Mg-Ta 

Mg480.C.Ta10.S.1 1210.1 

2.7Ta 

3.0Ta 

Mg480.C.Ta20.S.1 1210.1 

8.2Ta 

7.3Ta 

Mg460.C.Ta40.S.1 1210.1 

13.3Ta 

13.0Ta 

Mg2/480.C.Ta10.S.1 1030.1 

1.2Ta 

1.2Ta 

IU^480.C.Ta20.S.1 1030.1 

3.5Ta 

2.9Ta 

Mg2/480.C.Ta40.S.1 1030.1 

5.9Ta 

4.6Ta 

1.39 

Mg-W 

Mg460.C.W10.S.1 0825.1 

1.0W 

* 

5.31* 

MQ480.C.W20.S.1 0825.1 

4.5W 

- 

M0480.C.W40.S.1 0825.1 

7.4W 

- 

11.44t 

Mg480.C.W10.S.1 1207.1 

1.0W 

3.2W 

Mg480.C.VV20.S.1 1207.1 

4.5W 

8.2W 

Mg480.C.W40.S.1 1207.1 

7.4W 

12.1W 

AK^r 

AI2/480.C.Cr10.S.1 1004.1 

2.4Cr 

S2Cr 

AI2/480.C.Cr20.S.1 1004.1 

7J3Ct 

93Cr 

AI2/480.C.Cr40.S.1 1 004.1 

12.0Cr 

12.6Cr 

11.61 

Al-Mo 

AI480.C.MO10.S.10825.1 

4.3M0 

AI480.C.MO20.S.10825.1 

12.3M0 

• 

AI480.C.MO40.S.10825.1 

19.6M0 

- 

25.9 

Al-Ta 

AI2/480.C.Ta10.S.1 1005.1 

2.8Ta 

6.38Ta 

AI2/480.C.Ta20.S.1 1 005.1 

82Ta 

10.48Ta 

AI2/480.C.Ta40.S.1 1005.1 

13.4Ta 

16.27Ta 

8.16 

Al-W 

AI480.C.W10.S.1 0825.1 

4.1W 

21.7 

Ai480.C.W20.S.1082S.1 

12.1W 

33.0 

Ai480.C.W40.S.1 0825.1 

19.0W 

25.57 

AB/480.C.W10.Q.11117.1 

2.1  W 

5.32 

Ae/480.C.W20.G.11117.1 

6.4W 

7.64 

AQ/480.C.W40.6.11117.1 

10.5W 

10.36 

*  16.51  At  %  Al.  1 16.9  At  %  At 
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even  though  the  same  power  was  used.  These  were  the  first  two  altoy  families 
sputtered,  and  it  appears  that  the  deposition  rate  of  Mg  significantly  decreased. 
We  believe  this  was  due  to  reduction  in  the  magnetic  strength  of  the  Co-Sm 
magnets  as  a  result  of  overheating  the  targets  during  sputtering.  Reduction  in 
magnetic  field  strength  caused  a  reduction  in  plasma  confinement  at  the  target 
and  subsequent  reduction  of  the  sputtering  rate.  An  early  deposition  rate 
measurement  for  the  Mg  was  4.6  nm/s  as  compared  to  approximately  1.2  nm/s 
for  cathode  2  and  0.8nm/s  for  cathode  3  measured  later  on  during  the  program. 
These  rates  were  based  on  films  sputtered  at  480  W  and  7.0  millitorr  Ar  gas 
pressure. 

Solute  concentrations  for  the  Al  binary  alloys  were  much  higher  due  to  the 
low  sputter  rate  of  Al;  0.28nm/s  compared  to  1.2  nm/s  for  Mg  at  480  W  and  7.0 
millitorr  Ar.  As  an  ^cample,  the  Ai480.C.W40  had  a  measured  W  concentration 
of  25  at.  %  as  compared  to  12  at.  %  for  the  Mg480.C.W40  alloy.  Solute 
concentrations  ranged  from  8  to  25  at.  %  for  one  gun  Al,  and  from  2.5  to  14  at.  % 
when  two  guns  of  Al  were  co-sputtered  with  the  solute  element.  Our 
investigation  focused  on  using  two  guns  of  Al  co-sputtered  with  the  solute 
element  to  keep  to  solute  concentrations  between  2  and  10  at.  %. 

4.1.4  MIcroatructural  Examination 

All  the  Al-based  binary  alloys  were  featureless  with  no  resolvable  grain 
size  up  to  the  limit  of  the  SEM,  which  was  approximately  50.000X.  One 
exception  was  the  Al-Ta  alloys,  where  small  particles  of  Ta  were  found  on  the 
surface. 

Many  of  the  Mg-based  alloys  were  also  featureless  and  the  grain  structure 
was  too  fine  to  resolve.  However,  for  the  Mg-Mo  alloys,  a  grain  structure  was 
resolvable  as  shown  in  Figures  4-3  and  4-4.  The  Mg-0.9  at.%  Mo.  Mg-2.8  at.% 
Mo  and  Mg-4.7  at.%  Mo  alloys  had  an  average  grain  size  of  --0.3  //m  (Figure  4- 
3).  For  the  Mg-1 .5  at.%  Mo,  Mg-4.6  at.%  Mo.  and  Mg-7.6  at.%  Mo  ailoys,  SEM 
(Figure  4-4)  revealed  a  grain  size  of  ~0.25//m.  In  both  cases,  large  ~0.05  pm 
voids  were  found  between  grains. 

SEM  examination  also  revealed  small  particles  of  Ta  on  the  surface  of  the 
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Figun  4-3.  SEM  Photomicrographs  of  Mg2/4W.C.Mo40.S. 1 1025.  i 
iptowlng  ~0.3ijjn  hexagonal  grains. 
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F^fun  4-4.  SEM  mlcrogn^fhs  of  a)  Mo480.C.Mol0.S.10906.1  and 
b)  ll/lo480.C.Mo40.S.1(^)6.1  Showing  -0.25vJn  grains. 
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Mg-Ta  and  Al-Ta  alloys.  These  tantalum  particles  were  attributed  to  poor  target 
material. 

4.1.5  X-Ray  Diffraction 

A  summary  of  the  x-ray  diffraction  (XRD)  results  for  the  Mg  alloys  is 
presented  in  Table  4-2.  An  identical  summary  for  the  Al  binary  alloys  is  given  in 
Table  4-3.  For  many  of  these  alloys,  interpretation  of  the  data  was  difficult 
because  no  phase  diagrams  exi^.  The  results  were  also  complicated  by 
reaction  of  the  alloy  with  the  Si  wafer,  as  weii  as  the  preferred  orientation  that 
occurs  naturally  in  sputter  deposited  films. 


Tabto  4-a.  Summary  of  XRD  It— irff  tor  the  Mg-Ba»0^roup  Vb  and  VIb  AUity. 


Bekm  Heat  Treabnent 

After  Heal  Treatment 

SandMgPsaleaMShIt 

ss 

Mg  Pdak  intensity  Ratio  Change.  MgsS 

S 

Si  and  Mg  Pedo,  Peek  Shift 

ss 

Mg  Peak  Intensity  Ratio  Change,  MgeS 

SS 

Si  and  Mg  Peaks,  Peak  SNft 

S8 

Mg  Peak  Intensily  Ratio  Chai^.  MgaS 

SS 

Si  and  Mg  Paake.  Peak  Shift 

SS 

Mg  Peak  Intensity  Ratio  Chen^,  MgsS 

SS 

Si  and  Mg  Peake.  Peak  Shift 

SS 

Mg  Peak  Intensity  Ratio  Change,  MgsS 

SS 

Si  and  Mg  Peake,  Peak  Shift 

SS 

Mg  Peak  Intensfty  Rafto  Change, 

SS 

aand2Mg  Peake 

SS 

Mg  Peak  kieneity  Rafto  Change.  MgsS 

SB 

Sbigle  Mg  and  a  Peaks 

ss 

Mg  Peak  intensity  Ratio  Change.  MgaS 

SS 

4  a  and  angle  Mg  Peak 

ss 

Mg  Peak  kitenefty  Ratio  Chan^,  MgaS 

SS 

Mg,  a  and  W  Peaks 

p 

Mg  Peak  kilensfty  Ratio  Change.  MgsS 

P 

Mg.  a  and  W  Peaks 

p 

Mg  Peak  kdensity  Ratio  Change.  MgsS 

P 

Mg,  a  and  W  Peeks 

p 

Mg  Peak  Intensily  Ratio  Change.  MgsS 

P 

MgiaandTaPsake 

p 

MgStTaandk^  sGI  Psaks 

P 

MgiaandTaPseis 

p 

Mg,  Si,  Ta  and  Mg  sfii  Peeks 

P 

Mg,  a  and  Ta  Peaks 

p 

Mg.Si.TaandMgkSiPBaks 

P 

MgandaPsaks 

ss 

Mb  Peak  Intensity  Ratio  Charige.  MgsS 

SS 

MgandaPesks 

ss 

Mg  Peak  Intensily  Ratio  Change,  MgsS 

ss 

MgandaPeaks 

ss 

Mg  Peak  Intensity  Ratio  Chan^.  MgsSi 

SS 

Rkn  DoBiQnBilon 


Mg480.C.Mo10.S.1090&1 
M9480.C.Mo20.S.1000e.1 
Mg480.C.Mo40.S.10006.1 
Mg2/480.C.Mo10.8.1 1025. 
Mg2/480.C.Mo20.S.1 1025.1 
Mg2/480.C.Mo40.S.1 1025.1 


Mg480.C.W10.S.10825.1 
Mg480.C.W20.S.10e25.1 
M94a0.C.W40.S.10825.1 
Mg480.C.W10.S.1120e.1 
M0480.C.W20.S. 11208.1 
Mg480.C.W40.S.1 1208.1 


Mg2M80.C.Cr10. 

M92M8aC.Cr20. 

Mg2M80.C.Cr40. 

Mg2M80.C.T«10.8.11080.1 
Mg2/480.C.Ta20.8. 1 1030. 1 
M82AI80.C.Ta40.8. 1 1030. 1 
M82M80.C.Ta10.8.1 1210. 1 
Mg2M80.C.Ta20.8.1 1210.1 
Mg2/480.C.Ta40.8.1 1210.1 


88  •  8alcl  8oMkm,  P  •  PradpiUto 
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Tatim  4-9.  Smmiary  ot  XRD  RamHta  tor  tha  >l/-0M«-6roup  Vb  and  VK>  Binary 
alloya. 

rtm U68iQraBon  BMorenow  ireturnttii  /\ner noa  rreaimoni 

AMIo 

AI480.C.MO10.S.10825.1  S  and  Singfa  Broad  Al  Peek  88  Ciy8lalneAI.SeMrai  New  Bade  88 

Ai480.C.Mo20.8.10825.1  8i  and  8bi^  Broad  Ai  Pad(  88  Sb^  A1  Paak  Nanowad.  No  Naw  Peaks  88 
AI480.C.Mo40.8.1082S.1  8i  and  8h^  Broad  Ai  Peak  88  8ingla  Al  Peak  Narrowed,  No  New  Peaks  88 


AtW 

AI480.aw10.8.1082S.1  81  and  8b«^  Broad  Al  Peak  88  8bigieAI  Peak  Narrowed.  No  New  Peeks  88 
AI480.C.W20.S.10825.1  8i  and  Sk^  Broad  Al  Peak  88  Single  Al  Peak  Nanowed.  No  New  Peaks  88 
AI480.C.W40.S.10825.1  Si  and  Sb^  Broad  Al  Peek  88  Single  Al  Peek  Narrowed,  No  New  Peaks  88 


At-Cr 

AI2/480.C.Cr10.S.11004.1  AlandaPaaka.  PSakShR  88  New  Peaks.  Po8Si]lyCr4Si4Ah3  P 

AI2/480.C.Cr20.S.11004.1  Al  and  S  Pa^  Peak  Shift  88  New  Peaks.  Possibly  Cr4Si4Aii3  P 

AI2/480.C.Cr40.S.1 1004/ Aland  a  Peaks.  Peak  Shift  88  New  Peaks.  Poasibiy  Cr4a4Ah3  P 

Al-Ta 

AI2AI80.C.Ta10.ai1005.  Aland  a  PairicB,  Peak  Shit  88  New  Peaks.  PosaijIyAlaTa  P 

AI2M80.C.Ta20.S.11005/  Al  and  a  Peaks.  Peak  Shift  88  New  Peaks.  Possibly  AlsTa  P 

AI2/480.C.Ta40.S.11005.  Aland  a  Peaks,  Peak  Shift  88  New  Peaks.  Possibly  AlsTa  P 


For  the  first  phase  of  this  task,  examination  of  the  data  was  simpl'ified  to  a 
go-no  go  process.  If  only  the  Si  and  Mg  or  Al  peaks  were  found,  the  alloying 
element  was  In  solid  solution  and  the  alloy  was  acceptable.  If  several 
additional  peaks  formed  after  heat  treating  that  could  not  be  related  to  either  Al 
or  Mg.  precipitation  was  assumed  to  have  occurred  without  performing  detailed 
examination  to  determine  the  phases  that  had  formed.  An  exception  to  this 
process  was  the  Mg  alloys  where  Mg2Si  formed  after  heat  treatment.  This 

reaction  would  not  have  occurred  if  ttie  alloy  was  deposited  onto  Gr  fibers  and 
thus  these  peaks  were  identified  and  removed  from  further  consideration. 

Mg-Group  Vb  and  VIb  Alloys 

MOzQl 

XRD  characterization  for  this  alloy  was  not  conducted. 

yg-Mo 

In  general,  the  diffraction  patterns  for  ail  compositions  of  the  Mg-Mo  alloys 
were  very  similar.  In  the  as-sputtered  condition,  only  the  Si  and  several  Mg 
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peaks  were  found,  indicating  a  solid  solution  alloy.  There  was  some  evidence 
of  peak  shift  due  to  expansion  of  the  Mg  lattice  by  substitutional  Mo  atoms.  After 
heat  treating,  the  Mg2Si  peaks  were  evident  and,  in  some  cases  the  relative 
intensity  of  the  Mg  peaks  had  changed.  This  was  likely  due  to  shifting  of  the  Mg 
grain  orientation  by  changing  the  residual  stress  state  of  the  films  during  heat 
treatment.  No  precipitate  peaks,  such  as  elemental  Mo,  were  found  after  heat 
treating  which  indicates  the  Mo  was  retained  in  solid  solution. 

MflilA 

The  Mg-Ta  diffraction  patterns  were  very  similar  to  the  Mg-Mo  patterns. 
Before  heat  treatment  only  the  Si  and  Mg  peaks  were  found,  which  indicated 
the  Ta  was  in  solid  solution  with  the  Mg.  After  heat  treating,  the  presence  of 
Mg2Si  indicated  the  Mg  alloy  had  reacted  with  the  Si,  but  no  other  peaks  were 
present  that  would  indicate  that  anything  other  than  Mg  was  present. 

For  the  one  gun  Mg-W  alloys,  only  the  Mg  and  Si  peaks  were  present 
indicating  the  W  was  in  solid  solution.  After  heat  treating,  the  only  other  peak 
detected  was  the  Mg2Si  peak  at  40**.  indicating  the  film  was  a  single  phase. 
However,  compositional  analysis  revealed  that  this  alloy  contained  a  large 
amount  of  Al.  Therefore,  new  Mg-W  alloy  films  were  sputtered  at  a  later  time  in 
the  program.  XRD  patterns  for  these  altoys  showed  the  presence  of  W  in  the  as- 
sputtered  alloy.  The  intensity  of  the  W  peak  at  39**  decreased  after  heat 
treatment  because  it  was  next  to  a  strong  Mg2Si  peak.  Nonetheless,  Mg  does 
not  appear  to  retain  the  nonequilibrium  concentrations  of  W  investigated  in  this 
program. 


Al-Cr 

In  the  as-sputtered  condition,  the  XRD  pattern  revealed  only  Al  and  Si 
peaks  indicating  that  the  Cr  was  in  solid  solution.  The  Al  peaks  were  shifted  to 
siightiy  higher  angles,  indicating  lattice  parameter  contraction,  which  is 
consistent  with  the  smaller  relative  size  of  the  Cr  atom.  After  heat  treatment, 
several  new  peaks  were  detected  that  did  not  correspond  to  Al.  Preliminary 
examination  indicated  the  precipitated  phase  could  be  either  AlirCrg  or 
Cr4Si4Ali3.  This  phase  was  evident  in  the  AI-5.2  at.%  Cr.  Ai-9.3  at.%  Cr  and 
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AI-12.6  at.  %  Cr  alloys.  Therefore,  any  corrosion  resistance  afforded  by  non¬ 
equilibrium  aiioying  of  Ai  with  Cr  at  these  concentrations  would  likely  be  lost 
after  consolidation  of  the  composite. 

Al-Mo 

The  XRD  patterns  for  the  as-sputtered  Al-Mo  contained  broad  peaks 
centered  at  40*  and  ~20*.  neither  of  which  are  exact  reflection  for  AI.  These 
broad,  low  intensity  peaks  are  usually  associated  with  a  very  fine  grain  size  or 
an  amorphous  structure.  The  peak  at  40*  could  be  a  combination  of  the  normal 
AI  peaks  at  38.4*  and  44.7*.  The  shift  from  either  of  these  angles  may  be  a 
result  of  the  ultra  fine  grain  size  of  the  sputtered  alloys,  the  lattice  parameter 
shift  as  a  result  of  W  in  solid  solution  in  the  AI,  and  lack  of  properly  oriented 
planes  in  the  highly  textured  film.  After  heat  treating,  several  new  peaks  were 
present  in  the  AI-4.3  at.%  Mo  XRD  patterns  indicating  the  formation  of  a 
precipitate.  However,  the  diffraction  patterns  for  the  higher  Mo  concentration 
alloys  looked  very  similar  before  and  after  heat  treating,  suggesting  the  Mo 
remained  in  solid  solution  with  the  Ai.  It  was  speculated  that  a  further  reduction 
in  Mo  concentration  would  also  result  in  an  unstable  alloy,  therefore  two-gun  Al- 
Mo  alloys  were  not  fabricated. 

Abll 

As  with  the  Cr  alloys,  precipitation  of  Ta  intermetailic  compound  occurred 
after  heat  treatment.  Preliminary  examination  of  the  diffraction  pattern  indicated 
the  precipitated  phase  could  be  AlaTa  and  AlgTa.  From  a  thermal  stability 
perspective  Al-Ta  alloys  do  not  appear  attractive  for  enhancing  corrosion 
resistance  through  solid  solution  alloying. 

Al-W 

Diffraction  patterns  fOr  the  Ai-W  were  very  similar  to  Al-Mo  with  the  very 
broad  peaks  centered  at  '*20*  and  40*.  Again,  this  was  difficult  to  explain.  FOr 
the  AI-12.1  at.%  W  and  AI-19  at.%  W,  these  XRD  patterns  remained  effectively 
the  same  after  heat  treatment  suggesting  that  the  Ai  and  W  are  present  as  a 
single  phase  structure,  not  necessarily  a  structure  consisting  of  W  in  solid 
solution  with  Ai.  However,  for  the  lower  W  concentration  alloy,  AI-4.1  at.%  W, 
several  new  peaks  were  present  after  heat  treatment  that  were  not  AI  peaks 
indicating  precipitates  had  formed.  It  was  speculated  that  alloys  with  a  further 
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decrease  the  aoliite  concentration  would  also  precipitate  and  these  alloys  were 
not  examined. 

Grazing  Incident  Diffraction 

Grazing  incident  diffraction  (GID)  was  conducted  on  a  Mg-1.0  at.%  W  alloy 
deposited  on  both  a  Si  wafer  and  a  glass  substrate  during  the  same  run.  This 
was  done  to  determine  if  the  alloy  composition  or  film  texture  were  dependent 
on  the  type  of  substrate.  The  rationale  behind  using  glass  was  that  it  would 
permit  us  to  monitor  the  propagation  of  a  pit  through  the  film  by  optically 
monitoring  the  specimen  during  polarization  and  watching  for  pinholes. 

Figures  4-5,  through  4-7  show  the  GID  patterns  taken  at  x-ray  incident 
angles  of  1*.  2*.  and  5*  for  the  Mg-W  alloy  on  glass  and  Si.  The  Mg  peaks  at 
34.8*  and  63.1*  were  the  two  major  peaks  detected.  At  1*.  the  highest  intensity 
peak  was  the  Mg  peak  at  26  =  63.1*.  This  indicated  the  Mg  grains  are  primarily 
aligned  with  the  (103)  plane  perperxiicuiar  to  the  surface.  Proceeding  deeper 
into  the  specimen  with  an  x-ray  incidence  angle  of  2*.  the  intensity  of  the  63.2* 
begins  to  decrease  while  the  intensity  of  the  34.8*  peaks  increases.  And  at  an 
incidence  angle  of  5*.  the  34.8*  peak,  which  corresponds  to  the  (002)  plane  had 
the  highest  intensity.  This  data  reveals  that  the  crystallographic  texturing  of  the 
Mg-W  alloy  changes  as  the  film  is  deposited. 

The  area  of  the  glass  was  larger  than  the  area  of  the  Si;  therefore,  peak 
intensity  differences  were  a  result  of  the  number  of  counts  detected.  T  o 
determine  if  the  texturing  was  different  between  the  Mg-W  on  Si  and  Gi,  the  ratio 
of  intensity  between  the  63.1*  and  the  34.8*  peaks  was  calculated  for  the  both 
SI  and  glass  substrates.  This  ratio  was  then  plotted  as  a  function  of  beam 
incident  angle  (Figure  4-8).  This  plot  shows  that  the  ratio  is  the  same  for  the  Si 
and  glass,  which  indicates  that  film  texturir)g  was  independent  of  substrate. 
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H6480.C.H  .S.1120B.1  on  Silicon 
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PIgun  4^  Mg  ptak  initnaUy  nHo  tor  Mg-W  film  dapoahad  on  Gr  and  glaaa. 
4.1.6  Corroeion  Performance 
Mg  Alloye 

The  addition  of  transition  metals  to  Mg  had  a  significant  effect  on  its  corrosion 
behavior.  The  primary  consequence  of  these  additions  was  a  several  hundred 
millivolt  positive  shift  in  Ecorr-  Figures  4-9  through  4-1 1  show  the  anodic 
polarization  behavior  in  0.1  M  NaCi  for  the  lowest  through  the  highest  solute 
concentration  alloys.  In  this  solution,  pure  sputtered  Mg  exhibits  a  small  quasi¬ 
passive  region  at  potentials  negative  to  -1575  mV  which  was  not  observed  for 
the  the  Mg-Cr.  Mg-Mo,  or  Mg-W  alloys.  However,  a  quasi-passive  region  was 
noted  tor  the  low  and  intermediate  concentration  Mg-Ta  alloys  extending  to 
potentials  of  approximately  -1350  mV. 
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FIgun  4-11.  Anodlle  peUtriMaUon  Mmvicr  tor  Mghoot  eoneontratlon  Ug  Mayo. 

The  quasi-passive  nature  of  the  Mg-2.7%Ta  alloy  Is  more  dearly  shown  In 
Figure  4-12  which  was  generated  at  a  scan  rate  of  0.2  mV/s.  As  was  mentioned 
earlier,  the  rapid  corrosion  of  the  Mg  and  Mg  alloys  made  it  necessary  to 
conduct  the  experiments  on  these  alloys  at  scan  rate  faster  than  the  ASTM 
standard  rate  for  generating  a  slow  potentiodynamic  curve  of  0.2  mV/sec.  The 
increase  in  scan  rate  was  believed  to  have  had  little  effect  on  the  general  shape 
of  the  polarization  curve  for  the  active  alloys,  but  the  higher  scan  rate  did  have 
a  significant  effect  on  the  shape  of  the  curve  for  the  alloys  exhibiting  passivation 
tendencies.  At  the  lower  scan  rates,  the  passive  region  was  more  clearly 
defined  with  a  passive  current  density  that  was  independent  of  potential  and  a 
cNsdnct  Ep.  Figure  4-13  compares  the  polarization  curves  for  ttie  Mg-Ta  alloys 
generated  at  a  scan  rate  of  0.2m V/^.  Increasing  the  Ta  concentration  increased 
both  Ecorr  and  Ep,  and  at  the  highest  solute  concentration  no  evidence  of 
passivity  was  observed-most  likely  as  a  result  of  the  high  value  for  Ecorr- 

A  comparison  of  Figures  4-9  through  4-11  reveals  that  at  the  lower  solute 
concentrations  Cr  had  the  greatest  effect  on  Ecorr  (increasing  it  by  -  380  mV); 
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vvhereas.  at  higher  solute  concentrations  W  had  the  greatest  effect  (increasing  it 
by  ~  700  mV).  While  the  lack  of  extensive  regions  of  active  dissolution  made  it 
difficult  to  identify  accurate  Tafel  slopes  for  each  of  the  alloys,  the  data  do 
suggest  similar  dissolution  rates  for  the  Cr.  Mo,  and  W  alloys.  Exposure  of  the 
Mg  and  the  Mg-Cr  alloys  to  artificial  seawater  resulted  in  behavior  almost 
identical  to  that  observed  in  the  0.1  M  NaQ.  as  illustrated  in  Figure  4-14.  Figure 
4-15  shows  the  anodic  polarization  behavior  for  two  very  high  Cr  concentration 
alloys  in  artificiai  seawater.  The  60%  Cr  alloy  exhibited  an  Ecorr  of  -750  mV  and 
a  narrow  active-passive  transition;  whereas,  the  90  %  Cr  alloy  exhibited  an  Ecorr 
of  -350  mV  and  passivated  spontaneously.  While  the  very  high  solute 
concentration  for  these  alloys  would  prohibit  their  use  in  weight  critical 
applications,  it  is  interesting  to  note  the  extent  to  which  the  electrochemical 
behavior  of  Mg  can  be  altered  with  the  addition  of  Cr. 

Since  the  gosd  of  this  research  is  to  develop  nonequilibrium  alloys  for  use  in 
graphite  reinforced  composites,  the  gsdvanic  corrosion  performance  of  the 
alloys  coupled  to  graphite  is  of  great  interest.  Rgures  4-1 6  through  4-19  show 
the  galvanic  diagrams  [Ref.  23]  for  the  highest  solute  concentration  of  each  of 
the  alloys  coupled  to  P75  graphite.  These  diagrams  are  based  on  areas  of  1 
cm2  and  the  polarization  behavior  for  Al  is  also  included  in  each  diagram  for 
comparison.  For  each  of  the  alloys,  the  anodic  polarization  curve  intersects  the 
cathodic  curve  in  the  limiting  current  density  region  at  a  current  of  approximately 
520  |aA.  In  the  case  of  pure  Mg,  the  very  negative  Eoorr  for  this  metal  results  in 
cross-over  of  the  anodic  and  cathodic  curves  in  the  hydrogen  evolution  region 
of  the  cathodic  curve.  Galvanic  corrosion  of  the  Mg  in  this  instance  is  driven  by 
hydrogen  evolution  on  the  graphite  and  results  in  corrosion  rates  an  order  of 
magnitude  higher  than  that  predicted  for  the  Mg  alloy/Gr  couples.  The  high 
Eoorr  values  for  the  Mg-Cr  and  Mg-W  alloys  lead  to  cross-over  of  the  anodic  and 
cathodic  curves  well  within  the  limiting  current  region  of  the  cathodic  reaction; 
whereas,  the  Mg-Mo  and  Mg-Ta  alloys  cross-over  at  a  point  closer  to  where 
hydrogen  evolution  becomes  the  predominate  cathodic  reaction.  This  point 
could  be  of  importance  if  the  local  conditions  existing  in  the  composite  were  to 
lead  to  a  reduction  in  the  overvoltage  needed  for  hydrogen  evolution. 

The  most  promising  Mg  alloys  from  a  corrosion  standpoint  were  the  Mg-Cr 
and  the  Mg-W  because  of  their  high  Ecorr  values,  and  the  low  solute  Mg-Ta 
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alloys  because  they  exhibited  passivity.  In  addition  to  corrosion  resistance, 
thermal  stability  will  be  of  critical  importance  to  the  alloy  chosen  for  the 
composite  and  both  of  these  issues  were  considered  in  the  down  selection  of 
aHoys  for  phase  2. 

Al  Alloys 

Table  4-4  summarize  the  results  of  the  anodic  polarization  experiments 
conducted  on  ttie  nonequiiibrium  Ai  alloys.  A  comparison  of  representative 
curves  for  each  of  the  low  solute  concentration  alloys  is  presented  in  Figure  4- 
20.  The  Al-W  alloy  exhibited  the  largest  passive  region  extending  from  -760  to 
4460  mV.  The  next  largest  passive  region,  and  the  one  with  the  lowest  ip.  was 
observed  for  the  Ai  -Mo  alloy.  Similar  pitting  potentials  of  approximately  -200 
mV  were  observed  for  both  the  AI-2.8%Ta  and  the  AI-2.4%Cr  alloys.  Rgure  4- 
21  shows  that  at  the  highest  solute  concentrattons  Ep  for  the  Al-Cr  is  only  shifted 
siightiy  in  the  positive  direction  to  -140  mV.  whereas,  Ep  for  the  AI-25.6  %W  and 
the  AI-25.9%Mo  sdloys  are  shifted  to  4800  mV  and  +  625  mV,  respectively,  it  is 
interesting  to  note  that  passivity  is  also  maintained  for  these  alloys  at  pH  values 
in  excess  of  8.  Figures  4-22  through  4-25  show  the  anodic  polarization 
behavior  for  the  highest  solute  concentration  alloys  in  a  0.1M  chloride  solution 
with  the  pH  adjusted  to  10  (with  NaOH).  In  each  case,  the  passive  film  appears 
to  be  siightiy  less  protective  at  the  higher  pH-probably  resulting  from  an 
increase  in  dissolution  of  the  alloy  through  the  passive  film.  Similar  Ep  values 
were  noted  at  pH  8  and  10  for  the  Al-W.  Ai-Mo,  and  Al-Cr  alloys;  whereas,  a 
siightiy  higher  Ep  was  noted  for  the  Ai-Ta  alloys  at  pH  8.  The  polarization 
behavior  at  pH  values  outside  the  neutral  range  is  of  importance  since  the 
localized  pH  could  shift  out  the  neutral  range  with  time. 

Galvanic  diagrams  for  the  aluminum  alloys  coupled  to  P75  graphite  are 
presented  in  figures  4-26  through  4-29.  Again,  these  diagrams  are  based  on  an 
area  ratio  of  1:1  and  for  comparison  purposes,  an  anodic  polarization  curve  for 
pure  sputtered  AI  is  also  shown.  In  the  case  of  pure  aluminum  coupled  to  P75 
graphite,  the  cathodic  current  limited,  oxygen  reduction  curve  crosses  the 
anodic  curve  in  the  region  were  pitting  is  observed  and.  as  a  result,  relatively 
high  corrosion  rates  would  be  expected  for  the  aluminum  as  a 
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consequence  of  galvanic  coupling.  For  each  of  the  Al  alloys,  the  cathodic 
oxygen  reduction  curve  crosses  the  anodic  curve  In  the  passive  region  resulting 
in  low  galvanic  corrosion  rates.  These  diagrams  share  the  same  limitations  as 
anodic  and  cathodic  polarization  data  for  the  evaluation  of  corrosion  behavior 
since  the  actual  galvanic  corrosion  rates  can  be  effected  by  changing  surface 
conditions  which  may  not  be  predicted  from  short-term  laboratory  experiments. 

Alt  of  the  aluminum  alloys  were  promising  from  a  corrosion  standpoint  with 
the  largest  passive  regions  and  lowest  passive  current  densities  exhibited  by 
the  Al-W  and  Al-Mo  alloys.  Again,  down-selection  of  alloys  for  phase  2  will  also 
be  dependent  on  the  thermal  stability  of  the  alloy. 

4.2  PHASE  2:  CHARACTERIZATION  OF  DOWN-SELECTED 
ALLOYS 

Based  on  a  combination  of  corrosion  performance  and  thermal  stability,  the 
alloys  listed  in  Table  4-5  were  chosen  for  further  evaluation  in  phase  2.  The 
ternary  alloys  were  chosen  to  optimize  corrosion  resistance  and  minimize  alloy 
density.  At  this  stage  in  the  research,  the  alloys  were  deposited  onto  both  Si 
wafers  and  Gr  coupons. 

4.2.1  Alloy  Development 

Visual  appearance  of  each  of  these  alloys  is  listed  in  Table  4-6.  Initially  the 
sputter  time  was  increased  to  120  min  to  increase  the  thickness  of  material 
availabie  for  corrosion  testing.  However,  after  heat  treating,  the  Mg  alloys 
delaminated  from  the  Si  substrate.  This  was  a  result  of  the  residual  stresses  in 
such  a  thick  film  (8  pm)  coupled  with  the  formation  of  a  brittle  Mg2Si  layer  at  the 
substrate-alloy  interface.  The  Al  alloys  that  were  in  the  range  of  2  pm  thick  did 
not  delamirtate.  Figure  4-30  shows  a  photomicrograph  of  a  delaminated  Mg 
aNoy.  As  a  result,  the  Mg  alloys  were  resputtered  for  only  one  hour  resulting  in 
a  fNm  approximately  4  pm  thick.  These  alloys  did  not  delaminate  after  heat 
treating. 
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TaM«  4~8.  Demn-S^mtml  AUoy» 


Alloy  Substrate 

Designation 

Composition 

1 

Si 

Ai480.C.W40.S.20126.1 

Al  -25.9*W 

Gr 

AI480.C.W40.C.20202.1 

Al  -25.9W 

2 

Si 

Ai480.C.Mo40.S.20127.1 

Ai-19.1Mo 

Gr 

AI480.C.MO40.C.20202. 1 

AI-19.1MO 

3 

Si 

Mg480.C.AI120.C.W40.S.20202.1 

Mg-17.7AI-15.13W 

Gr 

Mg480.C.Ai120.C.W40.C.202Q2.1 

Si 

AI480.C.Mg90.C.W40.S.20202.1 

AI-2.2Mg-16.9W 

Gr 

AI480.C.Mg90.C.W40.C.20202. 1 

AI-2.2Mg-16.9W 

5 

Si 

Mg480.C.Ta40.C.W40.S.20202.1 

Mg-14.87Ta-11.1W 

Gr 

Mg480.C.Ta40.aW40.C.20202.1 

Mg-14.87Ta-11.1W 

6. 

Si 

Mg480.C.Ta40.S.20202.1 

Mg-14.9Ta 

Gr 

Mg480.C.Ta40.C.2020Z1 

7 

Si 

Mg480.C.Cr10.S.20126.1 

Mg-4.53Cr 

Gr 

Mg480.C.Cr10.C.20202.1 

Mg-4.53Cr 

'atomic  paroent  detarmined  from  EDS 


An  example  of  the  films  deposited  on  the  Gr  coupon  is  shown  In  Figure  4- 
31.  The  lirtes  are  due  to  the  underlying  Qr  grain  structure.  No  change  in  visual 
appearance  occurred  after  heat  treatment 

4.2.2  Compoeltional  Analysts 

Compositions  of  the  7  down>seiected  fiims  determined  by  EDS  semi- 
quantitative  analysis  along  with  sputter  times  and  film  thicknesses  are  listed  in 
Table  4-7.  These  values  are  very  similar  to  the  ones  obtained  for  the  previous 
alloys.  One  interesting  item  to  note  is  that  the  Ta  and  W  concentrations  were 
much  lower  for  the  Mg-Ta-W  ternary  on  Gr  than  on  the  Si  wafer.  This  was 
probably  a  result  of  increased  fluorescence  from  the  Si  substrate. 


Tabim  b-e.  ViMiaf  appaannea  of  Deam-S^aelaif  Alloya  DapoaHad  on  81  and  Gr. 


Aloy  DealgnaSon 

• 

Visual  Appearanoe 

1.  AM80.C.VV40.a2012ai 

B 

HIghiy  ReOecthm.  NoCkxKhieaa 

A 

Hidbiy  Roltoctive,  No  CkMidineea 

1.  A1480.C.W40.CJ20202.1 

B 

OMuae  Metalfc  Gr  Grain  Boundaries  Evident 

A 

No  Change 

Z  AI480.C.Mo40.a2012ai 

B 

Highiy  Rellecthm.  No  Ckxjdinees 

A 

Highly  Reflective,  No  Cloudineae 

2.  AI480.C.MO4O.C.20202.1 

B 

Difluae  MetaBc  Gray .  Gr  Grain  Boundaries  Evident 

A 

No  Change 

3.  Mg480.C.AI120.C.W4aS.20202.l 

B 

Highiy  Reflective.  No  Cioufinees 

A 

Reflective.  Sightly  Clouded 

3.  Mg480.CAi120.C.W40.C.20a02.1 

B 

Difluee  MetaBc  Gray.  Gr  Grain  Boundaiee  Evident 

A 

No  Change 

4.  AI480.C.Mg90.C.W40.aa02Q2.1 

B 

A 

Highiy  Reflective.  No  Cloucflnees 

4.  AM80.C.Mg90.C.W40.C.202Q2.1 

B 

Oifluse  MetaBc  Gray,  Gr  Grain  Boundaries  Evident 

A 

No  Change 

5.  M048O.C.Ta4O.C.W4O.aaoaO2.1 

B 

Highly  Reflective,  Slight  CkxKflnees,  Yelow  Hue 

A 

Lost  Refledivity.  MetaBc  Appearance.  Yelow  Hue 

5.  Mg48aC.Ta40.C.W40.C.2Q202.1 

B 

DHhne  MetaBc  Gray,  Gr  Grain  Boundaries  Evident 

A 

No  Change 

a  Mg480.C.Ta40.aa020ai 

B 

Highly  Reflective,  Sfight  Cloudinees 

A 

Gray  MetaBc  Appearance.  Cloudy 

a  Mg480.C.Ta40.C.a0302.1 

B 

DMuee  MetaBc  Gray.  Gr  Grain  Boundaries  Evident 

A 

No  Change 

7.  Mg480.c.cnaa2012ai 

B 

Hghly  Reflective,  NoClouflnees 

A 

Dm  MetaBc  day 

7.  Mg480.C.Cr10.C.20202.1 

B 

DMuae  MetaBc  Gray.  Gr  Grail  Boundaries  Evident 

A 

No  Change 

*  A  denotes  after  heat  treatment. 


B  ctenotes  before  heat  treatment. 


4.2.3  X-Ray  Diffraction 

A  summary  of  the  XRO  results  tor  the  7  down-selected  alloys  both  on  Qr  and 
Si  substrates  is  listed  in  Table  4-8.  Overall,  the  alloys  deposited  on  Si  behaved 
similar  to  the  previous  aHoys.  Solute  constituents  were  in  solid  solution,  which 
was  maintained  after  heat  treating;  however,  the  Mg  alloys  had  a  tendency  to 
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Fl^un  4^1.  R^pnaeMaUw  i^)peannce  of  non-equUltfrlum  alloys  on  Gr  baforo  and  after 
heat  tteating. 
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Tabim  4-7.  DapoaMon  CondMona  and  Coneantradona  of  Doam-Salaetad  Alloya. 


DkM  ^11  iitimattiiBi 

rwn  uwi0n8Don 

?^l|liar 

Flm  Thickness  (nm) 

Rbn  CompoeMian  (a/b)  I 

lto»(8) 

Pndkaad 

e)S 

S.Dsv.  1 

i-i  1  !r7TT«:rn  TTTTTVMBHH 

1.  AI480.C.W40.S^12ai 

120  min. 

2400 

25.9  aL%W 

Z  AI480.C.Mo40.a2012ai 

120  mki 

2490 

19.1  at  %  Mo 

3.  Mg480.C.Ai120.C.W40.S.20202. 

30mia 

1680 

iai3aL%W 

17.7at%AI 

0.058 

4.  AI480.C.Mg90.C.W40. 3.20202.1 

30mia 

1400 

1088  aL%W 

22aL%Mg 

0.057 

5.  Mg480.CTa40.C.W40.a20202.1 

30mia 

1700 

14a7at%Ta 

Q18 

11.1  at  %W 

0.87 

a  M9480.aTa40.a2Q202.1 

30  min. 

1550 

14.9at%Ta 

7.  Mg480.C.Cr10.a2012ai 

eomia 

2900 

453al%Cr 

Qrartiiif  Sutwtrm 

1.  Ai480.C.W40.C.2020ai 

120  min. 

2480 

2032  aL%W 

1 

Z  AI480.C.MO40.C.20202.1 

01  min. 

1270 

ia3at%Mo 

a9at%Mg 

0.47 

3.  Mg480.C.AI120.aW40C.20202.1 

60  min. 

3320 

17.6aL%W 

057 

ia5at%AI 

0.74 

4.  AI480.C.Mg90.C.W40.C.20202.1 

OOmin 

1400 

iaiaL%W 

a94aL%Mg 

051 

a  Mg480.C.Ta40.C.W40.C.20202.1 

OOmia 

3400 

5a6at%Ta 

47at%W 

■I 

a  Mg480.C.Ta40.C.20202.1 

30n*i. 

1580 

17.1aL%Ta 

B 

7.  lWig480.C.Cii0.C.20202.1 

OOmin. 

2980 

13.3at.%Cr 

S.  Dev  s  standard  deviation 
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Tabim  4^  Summary  at  X-ray  omraattca  tor  Daa/n-Salaelad  Mg-Baaa  and  At-Baaa 
Tranalllon  Malal  AUoya  (  *  88  m  aoM  aolutlon,  P  m  praelphata). 


Rbn  D60iBMlion 

Ooioro  Hoot  Tresbiwnt 

• 

After  Heal  Trealmeni 

• 

1. 

Ai48aaw4a&aoi2ai 

Bioad  Al  Raalo.  Aimphous  ? 

ss 

NoChaags 

SS 

1. 

AI480.C.W40.C.202Q2.1 

Broad  Al  Peaks.  Amorphous  ? 

ss 

No  Change 

SS 

2. 

AI480.C.Mo40.a2012&1 

Broad  Al  Peaks,  Amorphous  ? 

S8 

No  Change 

ss 

2. 

AI480.C.MO40.C.20202.1 

Broad  Al  Peaks,  Amorphous  7 

SS 

No  Change 

ss 

3. 

Mg480.C.Ai120.C.W4aS.20202.1 

Mg  and  Broad  Al  Peaks,  Amorphous  ? 

SS 

No  Change.  Mg2SI 

ss 

3. 

Mg480.CJU120.C.W40.C.20202.1 

Mg  and  Broad  Al  Peaks.  Amorphous  ? 

SS 

No  Change 

ss 

4. 

AI480.C.Mg9aC.W40.S.20202.1 

Broad  Al  PeSks,  Amorphous  7 

SS 

No  Change 

ss 

4. 

AI480.C.Mg90.C.W40.C.20202.1 

Broad  Al  Peaks,  Amorphous  7 

ss 

No  Change 

ss 

5. 

Mg480.C.Ta40.C.W40.S.20202.1 

Mg  widTa  Peaks 

p 

Ta  Peak  Intensily  Increased 

p 

5. 

Mg480.C.Ta40.C.W40.C.202Qai 

MgandTaPoaks 

p 

Ta  Peak  Mensily  Incrsased 

p 

6. 

Mg480.C.Ta40.a20202.1 

Mg  arid  Ta  Peaks 

p 

Ta  Peak  Mansily  Increased 

p 

a 

Mg480.C.Ta40.C.20202.1 

MgandTaPoaks 

p 

Ta  Peak  Inlensiiy  Increased 

p 

7. 

M048O.C.Criaaa0126.1 

Mb  Baals 

5 

No  Change,  Mg2SI 

7. 

Mg480.C.Cr10.C.20202.1 

MgPOaks 

ss 

No  Change 

ss^ 

react  with  the  Si  wafer.  Patterns  for  alloys  deposited  on  Gr  were  much  more 
difficult  to  interpret  due  to  the  large  number  of  Qr  peaks.  It  appears  there  was 
little  or  no  change  after  heat  treating,  which  indicates  no  precipitation  of  the 
solute  or  reaction  with  the  Gr  substrate.  Details  of  the  XRD  results  for  each  of 
the  7  down  selected  alloys  are  presented  below. 

Alloy  #1 

Al-W  (AI-25.9  at.%  W) 

The  XRD  patterns  for  the  AhW  on  Si  and  Gr  are  shown  in  Figure  4-32  and 
Figure  4-33.  respectively.  The  pattern  for  the  Al-W  on  Si  looks  very  similar  to 
what  was  found  In  the  first  phase  of  this  program.  Ignoring  the  Si  peaks,  the 
only  peaks  found  were  a  very  broad  peak  at  21*  and  a  higher  intensity  broad 
peak  at  26  s  40*.  As  was  discussed  earlier,  these  do  not  correspond  exactly  to 
any  Al  peak.  We  suspected  this  was  due  to  a  combination  of  the 


58 


A1480.C.H40.S. 20126.1 


59 


ngure  4-32.  J(-ray  Diffractiofl  Patterns  for  AJ480.C.m.S.2012B.  J  fAJJoy  //.  on  SjJJcon)  Before  and  After  Heat  Treating  (HT) 


A1480.C.H40.C. 20126.1 


Diffraction  Patterns  for  A14B0.C.tt40.C.20I26.i  fAlJoy  Pi.  m  SraphiteJ  Before  and  After  Heat  Treating  fifTJ 


uitrafine  grain  size  giving  the  appearance  of  an  amorphous  stmcture  combined 
with  the  possibility  of  improper  alignment  of  the  highly  textured  sputtered  films. 
Therefore,  it  was  assumed  the  broad  41*  peak  was  W  solid  solution  with  Al. 
The  diffraction  pattern  did  not  change  after  heat  treatment  indicating  W  was 
retained  in  solid  solution. 

The  broad  peak  at  21*  was  also  found  for  the  Al-W  films  on  Gr. 
Unfortunately,  41*(  where  the  other  broad  peak  was  found  for  Al-W  on  Si)  also 
corresponds  to  one  of  the  Gr  peaks.  Close  examination  does  show  a  slight 
hump  on  the  small  angle  side  of  the  Gr  peak  that  is  likely  the  41*  peak.  In 
addition.  Al  peaks  were  found  at  26  of  38.4*.  44.7*,  and  65.1*  for  the  (111), 
(200),  and  (220)  planes,  respectively.  Although  it  is  difficult  to  interpret  this 
pattern,  no  additional  peaks  were  present  after  heat  treating  which  indicates  W 
was  retained  in  solid  solution  in  Al  and  the  alloy  did  not  react  with  the  Gr 
coupon. 

Alloy  #2 

Al-Mo  (AI-19.1  at.%  Mo) 

XRD  patterns  for  the  Ai-Mo  alloy  were  very  similar  to  that  shown  for  the  Al-W 
alloy  (alloy  #1).  Again,  the  broad  peaks  were  present  at  21*  and  41*.  As  with 
the  Al-W  alloy,  the  pattern  indicated  an  uitrafine  grain,  textured  aluminum  with 
Mo  in  solid  solution.  No  change  occurred  after  heat  treatment  which  indicates 
that  the  Mo  was  retained  in  solid  solution. 

The  diffraction  pattern  for  Al-Mo  on  Gr  showed  two  broad  peaks  at  21*  and 
41*.  as  well  as,  Al  peaks  at  26  of  38.4*,  44.7*.  and  65.1*  for  the  (111),  (200). 
and  (220)  planes,  respectively.  Therefore.  Mo  was  in  solid  solution  for  the  Ai- 
Mo  on  Gr.  No  new  peaks  were  found  after  heat  treatment  which  indicates  Mo 
was  retained  in  solid  solution  and  the  Al  dki  not  react  with  the  Gr  coupon. 

Alloy  #3 

Mg-AI-W  (Mo-17.7  at.%-15.1  at.%  W) 

XRD  patterns  for  the  Mg-AI-W  ternary  alloy  were  very  unusual  because  the 
broad  peak  found  in  the  Al-W  and  Al-Mo  was  apparent,  but  at  a  much  lower 
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intansity.  On  top  of  tNs  broad  peek  were  the  nonnal  Mg  peaks  at  34.1*.  36.1* 
and  47.9*.  In  addition,  broad  peaks  were  found  at  21*  and  41*.  similar  to  the  Al- 
W  pattern.  After  heat  treating,  the  typical  Mg2Si  peaks  appeared,  but  the  Mg 
peaks  disappeared.  The  peaks  at  21*  and  41*  were  unchanged.  This  result 
lead  us  to  conclude  that  the  film  was  deposited  as  a  two  phase  structure 
consisting  of  Mg  and  an  AI-WaHoy.  The  Mg  reacted  with  and  was  consumed  by 
the  Si  substrate  during  heat  treatment,  while  the  AI>W  phase  remained 
unchanged. 

The  diffraction  data  for  the  Mg>AI-W  alloy  on  Gr  also  showed  broad  peaks  at 
>-21*  and  41*  characteristic  of  the  Ai-W  and  Al-Mo.  Close  examination  also 
reveided  the  Mg  peaks  at  32.1*  and  34.8*.  We  concluded  from  this  pattern  fi)at 
theMgarxi  Al  did  not  react  with  the  Gr.  and  that  Al  and  W  were  retained  in  solid 
solution  prior  to  and  after  heat  treating,  similar  to  the  film  deposited  on  the  Si 
wafer.  In  this  case.  Mg  is  still  present  after  heat  treatment  because  it  could  not 
react  with  the  Qr  substrate. 

Alloy  #4 

Al-Mg-W  (AI-16.9  et%W-2.2  at.%Ma) 

As  a  result  of  the  problem  with  film  delamination.  XRD  was  not  performed 
tor  this  alloy  deposited  on  the  Si  wafer.  The  diffraction  pattern  for  the  Ai-Mg>W 
alloy  on  Gr  (Figure  4^34)  shows  the  same  broad  peaks  at  >-21*  and  41*  that 
were  noted  for  all  the  Al  alloys.  Other  thai  the  Gr  peaks,  no  additional  peaks 
weretoufto  indicating  that  the  Mg  and  W  were  in  solid  solution  with  the  Al  prior 
to  and  after  heat  testing,  and  the  aHoy  did  not  react  with  the  Gr  coupon. 

Alloy  #S 

Mg-Ta-W  (Ma-14.4  at.%Te-11.1  at.%¥lf) 

The  diffraction  pidtems  tor  the  Mg>Ta-W  ternary  alloy  were  very  difficult  to 
analyze  because  of  the  large  number  of  overlapping  peaks.  The  pattern 
before  heat  treatment  showed  a  broad  hump  on  the  side  of  the  36.4*  Mg  peak 
which  appeared  to  be  the  Ta  38.4*  peak  corresponding  to  the  (111)  plane. 
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The  source  of  the  Ta  may  have  been  unsputterad  Ta  particles  that  were  typically 
found  on  the  Ta  aHoya  (Wb  believe  that  a  defective  target  was  responsibie  for 
the  unaputtered  Ta  particles  in  the  deposit.)  After  heat  treatment,  the  38.4" 
peaks  became  much  stronger.  On  the  side  of  the  38.4"  peak  was  the  normal 
Mg2Si  peak  at  40*.  Due  to  the  large  change  in  Ta  peaks  intensity  after  heat 
treating,  it  appears  Ta  was  precipitating. 

FOr  the  Mg>Ta  on  Gr,  the  diffraction  pattern  was  dominated  by  the  Gr  peaks, 
with  Mg  peaks  at  34.8",  47.9",  and  72.4*.  However,  the  broad  peak  at  38.4" 
indicated  that  free  Ta  was  present,  and  because  the  intensity  of  this  peak 
increased  after  heat  treatment,  separation  of  the  Mg  and  Ta  is  probably 
occurring. 

Alloy  «• 

Mg-Ta  (Mo-14.0  at.%  Ta) 

Diffraction  patterrts  tor  the  Mg-Ta  alloy  on  Si  and  Gr  are  shown  in  Figures  4- 
35  and  4-36.  respectively.  The  pattern  on  Si  showed  the  very  strong  Mg  peaks 
at  34.8*  and  36.4*  and  72.8*.  Although  a  Ta  peak  was  not  found,  the  broad 
tapering  of  the  36.4*  Mg  peak  was  Hkeiy  due  to  free  Ta.  The  source  of  the  free 
Ta  may  have  been  the  small  Ta  partides  that  were  found  on  the  alloys 
containing  Ta.  After  heat  treating,  the  typical  Mg2Si  peaks  were  present.  From 
these  psitems  it  is  difficult  to  determine  whether  Ta  is  present  in  solid  solution 
and  if  it  remains  in  solid  solution  after  heat  treating.  The  free  Ta  particles  will 
likely  promote  increased  corrosion  rates  as  a  result  of  microgalvanic  coupling 
with  the  Mg. 

The  XRD  pattern  tor  Mg-Ta  on  Gr  showed  Mg  peaks  with  a  Ta  peak  at  38.4". 
Again,  this  aNoy  is  not  a  good  candidate  for  further  investigation  because  of  its 
thermal  instability. 

Alloy  #7 

Mo-Cr  (Mg-4.53  at.%  Cr) 

As  tor  the  other  Mg  alloys,  the  peaks  noted  before  heat  treating  were  for  Si 
and  Mg.  After  heat  treating,  the  Mg2Si  peaks  appear  indicating  a  reaction  with 
toe  substrate. 
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For  Mg<Cr  on  Gr.  no  new  peaks  were  evident,  indicating  Cr  was  maintained 
in  soHd  solution.  Following  the  heat  treatment,  diffraction  patterns  of  Mg-Cr  on 
Qr  revealed  the  typical  Gr  peaks  and  Mg  peaks  at  34.8*.  36.4*,  63.1*.  No 
additional  peaks  were  present  indicating  Cr  was  in  solid  solution  and  remained 
in  sofid  solution  following  heat  treatment. 

4.2.4  Corroeion  Testing 

Anodic  Polarization  Behavior 

Alloys  1,2  and  4  (the  Ai-25.9%W  alloy,  the  AI-19.1%Mo  alloy  and  the  Ai- 
2.2Mg-16.9%W  alloy)  exhibited  excellent  corrosion  performance  in  the  0.1M 
NaCi  environment  with  pitting  potentials  1200  to  1330  mV  higher  than  that  of 
pure  Al.  The  anodic  polarization  behavior  of  these  alloys  are  compared  to  that 
of  pure  sputtered  Al  in  Figure  4-37.  Characteristic  parameters  derived  from  the 
polarization  curves  for  these  alloys  are  presented  in  Table  4-9.  Similar  passive 
current  densities  and  pitting  potentials  were  noted  for  the  three  alloys.  The  ip 
values  for  the  alloys  of  approximately  1  MA/cm^  are  similar  to  that  observed  for 
pure  Al  prior  to  pittfog-suggesting  that  the  alloy  passive  films  may  be  closer  in 
composition  to  the  film  which  forms  on  pure  Al  than  the  films  which  form  on 
either  pure  W  or  pure  Mo.  Enhanced  passivity  does  not  appear  to  be  based 
solely  on  solute  concentration  since  equivalent  behavior  was  observed  for  both 
the  AI-2S.9%W  and  the  AI-2.2%Mg-16.9%W  alloys.  This  Is  important  because 
the  addition  of  Mg  and  the  reduction  in  W  concentration  have  a  significant  effect 
on  the  ffoal  density  of  the  aKoy. 

The  most  encouraging  attribute  of  the  high  solute  Ai-Mo  and  Al-W  alloys  is 
that  they  retain  their  enhanced  corrosion  resistance  after  heat  treatment  for  1 
hour  at  400  *C.  Figures  4-38  and  4-39  show  the  anodic  polarization  behavior  in 
0.1  M  NaO  tor  the  Al-  25.9%W  and  the  AI-19.1%Mo  alloys,  respectively,  both 
before  and  after  heat  treatment.  No  evidence  of  diminished  performance  after 
heat-treatment  was  observed  for  either  alloy.  Again,  the  curves  presented  in 
these  figures  are  representative  curves,  but  as  Table  4-9  reveals,  only  small 
dHfersnces  were  observed  for  the  replicate  specimens.  The  absence  of  Al-Mo 
and  Al-W  precipitates  in  the  heat-treated  alloys  and  the  concomitant 
undiminished  polarization  behavior  are  essential  for  fabrication  since  the 
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alloy  coated  fibers  will  need  to  be  HIPed  to  consolidate  the  composite. 
Because  of  problems  with  our  heat  treating  apparatus,  results  are  not  yet 
available  for  heat-treated  sample  4. 

Sample  3.  the  Mg-17.7  at.%A1-15.13  at.%W  alloy,  also  exhibited  passivity; 
but,  unlike  the  previous  three  alloys,  this  alloy  was  not  self-passiviating  and  a 
large  active-passive  transition  was  noted  between  -1100  and  -840  mV.  Figure 
4-40  shows  the  anodic  poiarization  behavior  for  this  alloy  in  0.1  M  NaCI.  This 
curve  reveals  a  relatively  high  ip  of  approximately  100  liA/cm^.  Potentiostatic 
poiarization  at  -700  mV  for  5  hours.  Figure  4-41,  showed  that  with  time,  ip 
dropped  to  a  value  of  20|iA/cm2.  The  large  active-passive  transition  for  this 
alloy  could  be  a  problem  if  this  alloy  was  galvanically  coupled  to  a  material 
such  a  graphite.  Coupling  of  the  MgAiW  and  graphite  poiarization  curves 
(considering  equal  areas)  would  result  in  crossover  of  the  two  in  the  active  nose 
of  the  anodic  curve  with  corrosion  of  the  matrix  metal  being  driven  by  oxygen 
reduction  on  the  graphite.  Passivity  was  not  observed  for  alloys  5-7  (Mg- 
14.87at.%Ta-11.1at.%W,  Mg-14.9at.%Ta,  or  Mg-4.53at.%Cr)  and,  as  was 
illustrated  earlier,  their  galvanic  compatibility  with  graphite  is  dependent  on  the 
respective  Eporr  values. 

The  implications  of  the  enhanced  passivity  of  alloys  1  and  2  with  regard  to 
their  galvanic  corrosion  performance  are  presented  in  the  galvanic  diagrams 
shown  in  Figures  4-42  through  4-44.  As  these  figures  reveal,  the  galvanic 
performance  of  the  AI-19.1%Mo  and  the  AI-25.9%  W  alloys  are  essentially 
identical  to  the  performance  noted  earlier  for  the  Al  alloys  with  the  high  W  and 
Mo  concentrations.  In  all  cases,  the  cathodic  oxygen  reduction  reaction  crosses 
the  anodic  polarization  curve  in  the  passive  regbn  and  low  galvanic  corrosion 
rates  for  the  matrix  metal  are  predicted.  Since  the  polarization  behavior  of  heat- 
treated  alloy  1  and  alloy  2  were  the  same  as  the  nonheat-treated  alloys,  the 
galvanic  diagrams  for  these  alloys  would  show  identical  behavior. 

As  a  result  of  surface  connected  cracks  In  the  alloys  deposited  on  graphite, 
it  was  not  possible  to  gain  the  same  degree  of  information  from  the  polarization 
data  on  these  specimens  that  was  gained  from  the  previous  experiments.  To 
date,  alloys  1, 2, 4,  and  the  controls  have  been  evaluated.  All  of  the  specimens 
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Ftgun  4*<4  Oalrwilc  dlagnma  for  pun  Al  ond  Ah19.1Mo  (oamplo  d1)  eoupfod  to 
P75  graphm 

exhibited  Ecan  vaiues  more  nobie  than  the  values  reported  for  the  same  alloys 
on  Si  substrates.  This  positive  shift  in  Ecorr  is  most  likely  a  function  of  the 
exposed  graphite  substrate,  it  is  not  known  how  much  graphite  was  exposed. 
From  the  polarization  curves  it  was  evident  that  at  ^x>tr.  alloys  1 , 2,  and  4  were 
passive  and  the  controls  were  not .  Figure  4-45  shows  the  initial  portion  of  a 
polarization  curve  for  the  AI-25.9  at.  %W  alloy  (alloy  #2)  on  graphite.  Visual 
analysis  of  the  specimen  in  the  passive  region  revealed  that  the  surface  was 
virtually  unchanged  as  a  result  of  exposure.  Scanning  electron  microscopy  of 
the  passive  surface  showed  no  pits  and  a  surface  similar  in  nature  to  the 
unexposed  material.  This  passive  region  was  also  observed  on  the  heat- 
treated  specimens  at  ^xxr  and  at  low  overpotentlais. 
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Galvanic  Currant  Maaauramanta 

To  confirm  the  predictions  made  using  the  galvanic  diagrams,  long-term 
galvanic  current  measurements  were  taken  for  alloys  1  and  2  coupled  to  P75 
graphite.  A  similar  experiment  was  also  conducted  on  pure  sputtered  Al 
coupled  to  P75  graphite.  Representative  results  are  presented  in  Figures  4-46 
to  4-48.  Figure  4-46  shows  the  galvanic  current  measured  for  one  of  the  two  Ai- 
19.1%Mo  aHoy  (alloy  1)  specimens  coupled  to  P75  graphite.  The  cathode  to 
anode  area  ratio  for  this  couple  was  0.41.  initially,  currents  of  slightly  less  than 
3  pA  were  observed  which  fell  off  quickly  to  a  value  of  approximately  0.1  pA 
after  1  hour.  After  sixteen  hours,  the  current  dropped  to  a  steady  state  value  of 
0.05  pA  and  remi^ned  constant  for  the  duration  of  the  experiment.  The  steady 
state  current  of  0.05  pA  corresponds  to  a  current  density  of  0.16  pA/cm^.  The 
other  galvanic  couple  for  this  aHoy  had  a  cathode  to  anode  area  ratio  of  0.15 
and  exhibited  an  initial  current  of  4.4  pA  which  feN  off  to  a  value  of  0.8  pA  after 
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45  minutes.  After  9  hours,  this  current  dropped  to  a  value  of  0.06  pA  and 
remained  constant  (at  a  value  of  0.04  to  0.06  |tA  which  corresponds  to  current 
densities  of  0.06  to  0.09  itA/cm^,  respectively)  for  the  next  3  days  before 
abruptly  increasing  to  6  to  8  pA  for  the  remainder  of  the  experiment.  After 
completion  of  the  experiments,  the  surfaces  of  both  specimens  were  found  to  be 
shinny  with  no  evidence  of  pitting.  SEM  analysis  of  the  first  specimen  confirmed 
that  the  coating  was  indeed  still  present  and  in  good  condition  after  testing,  it  is 
believed  that  a  small  flaw  (possibly  produced  by  sputtering  over  dust  particles 
on  the  Si  substrate)  or  scratch,  which  initially  did  not  extend  to  the  substrate, 
may  have  lead  to  the  increase  in  current  on  the  second  specimen  after  3  days. 
Comparison  of  the  current  densities  measured  after  after  several  days  of 
coupling,  i.e.  0.16  lAA/cm^.  with  the  value  of  0.28  pA/cm^  derived  from  the 
galvanic  diagram  (tor  a  c:a  ratio  of  0.41)  shows  that  the  diagram  provides  a 
reasonably  good  estimate  of  the  actual  galvanic  behavior.  At  a  constant  current 
of  0.16  i«A/cm2,  a  one  micron  thick  film  could  be  expected  to  last  approximately 
1  year. 

Figure  4-47  shows  the  galvanic  corrosion  current  vs.  time  data  tor  one  of  the 
two  Al-  2S.9%W  alloy  (alloy  2)/P  75  Gr  couples.  The  cathode  to  anode  area 
ratio  tor  this  couple  was  0.43.  In  tNs  case,  an  initial  current  of  12.4  |iA  was 
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notod  which  dropped  loavaiueof  0.7  |iA  (corresponding  to  a  current  density  of 

2.1  pAAsm^)  after  1  hour  and  remained  relatively  constant  ( ranging  from  0.7  to 

1.2  pA)  for  next  35  hours  tsefore  gradually  increasing  to  a  vaiue  of  3.2  pA  at  the 
end  of  the  7  day  test  The  other  galvanic  couple  for  this  aiioy  with  a  cathode  to 
anode  area  ratio  of  0.16  exhibited  an  initial  current  of  13  pA  which  fell  to  a  value 
of  0.81  pA  (corresponding  to  a  current  density  1.0  pA/cm^)  in  48  minutes.  The 
current  further  decreased  to  a  vaiue  of  0.16  pA  after  3.5  hours  and  slowly 
increased  over  the  next  40  hours  to  0.9  pA.  At  95  hours,  a  current  of  8.5  pA  was 
observed  and  remained  constant  for  the  duration  of  the  experiment.  After 
testing,  the  surfaces  of  both  specimens  were  reflective  and  no  evidence  of 
pitting  was  observed.  Again,  it  is  believed  that  small  flaws  or  scratches  may 
have  lead  to  the  increase  in  current  after  a  few  days  of  exposure.  Comparison  of 
the  current  densities  measured  after  a  few  days  (IpA/cm^)  with  the  value 
obtained  from  the  galvanic  diagram  (0.23  pA/cm^  for  a  c:a  ratio  of  0.43)  shows 
good  agreement  with  the  predicted  value  being  slightly  higher  than  the  actual 
measured  value. 

Control  data  for  one  of  the  two  pure  AI/P75  graphite  couples  with  a  cathode 
to  anode  area  ratio  of  0.11  are  shown  in  figure  4-48.  Initiaily.  a  relatively  high 
current  of  40  pA  was  observed  which  dropped  off  a  value  of  20pA  (which 
correlates  to  a  current  density  of  lOpA/cm^)  after  1  minute  and  continued  to 
slowly  decrease  for  the  duration  of  the  experiment.  At  the  end  of  the 
experiment,  a  current  density  of  5.5  pA/cm^  was  measured  and  visual 
observation  revealed  that  very  little  Al  was  present  on  the  Si  substrate.  At  a 
constant  current  density  of  5.5  pA/cm  2  a  Ip  thick  film  would  last  less  than  1 
day.  The  other  Al/Qr  couple  had  a  cathode  to  anode  area  ratio  of  0.13  and 
exhibited  similar  behavior.  Additional  tests,  where  the  visual  appearance  of  the 
specimen  is  noted  with  time,  will  be  needed  in  order  to  estimate  the  galvanic 
corrosion  rate  of  the  pure  Al/Qr  couple.  /According  to  the  galvanic  diagram,  the 
predicted  current  density  of  a  pure  AlAGr  couple  (considering  a  c:a  ratio  of  0.11) 
would  be  34  pA/cm^,  which  provides  a  conservative  estimate  when  compared 
to  the  actual  current  dertsity  of  5.5pAAcm2. 

Low  steady  stale  galvanic  corrosion  currents  were  also  noted  fOr  the  heat- 
treated  Al  alloyA3r  couples  as  shown  in  Figures  4-49  and  4-50.  An  initial  current 
of  6.1pA  was  noted  for  one  of  the  two  Ai-19.1%Mo  heat-treated/P75  Gr  couples 
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(cathode/BUWde  area  ratio  of  0.14)  which  capped  off  to  a  steady  state  value  of 
1.5  |iA  after  5.8  days  as  shown  in  Figure  4-49.  The  second  couple  (cathKie  to 
anode  area  ratio  of  0.18)  also  showed  an  initial  current  of  6.1  pA  which  feU  off  to 
a  value  of  2.4  mA  after  45  minutes  and  then  decreased  to  0.16  pA  after  50 
hours.  Following  this,  the  current  for  second  couple  increased  to  9pA  and 
oocasionaliy  oscillated  between  anodic  and  cathodic  behavior.  At  the  end  of 
the  test,  it  was  noted  that  the  second  specimen  contained  a  small  blistered 
region  near  the  top  of  the  specimen.  The  remaining  70  %  of  this  specimen  was 
intact  and  in  good  condition  with  no  pits.  After  testing,  the  first  specimen  was 
found  to  be  fully  intact,  optically  reflective,  and  free  of  pits.  The  data  for  one  of 
the  two  heat-treated  Ai-25.9%W/P7SQr  couples  (cathode  to  anode  area  ratio  of 
0.434 ) .  Figure  4-50.  revealed  an  initiai  current  of  16  |iA  which  feli  to  a  steady 
state  value  of  0.05  pA  (corresponding  to  a  currmt  density  of  0.1  |iA/cm^  after 
19  hours  and  remained  constant  at  this  value  for  the  duration  of  the  test  The 
second  heat-treated  AI-25.9%W/P75  Gr  couple  exhibited  an  initial  potential  of  1 
iiA  and  a  steady  state  value  of  0.3  pA  (corresponding  to  a  current  density  of 
0.33  |iA/cm2).  After  testing,  the  surfaces  of  both  of  the  specimens  were 
reflective  and  no  evidence  of  pitting  was  observed. 

While  the  nature  of  the  specimens  appears  to  make  determination  of  an 
exact  steady  state  galvanic  current  difficult  in  some  cases-the  important  issue 
of  whether  or  not  performance  of  a  composite  could  be  improved  through 
nonequiHbrium  alloying  is  easily  answered  by  the  visual  appearance  of  the 
specimens  after  testing.  Figure  4-51  compares  the  appearance  of  the  surfaces 
of  pure  Al.  the  Ai-19.1%Mo  alloy,  the  AI-25.9%W  alloy,  and  the  heat  treated  Al- 
25.9%W  alloy  after  galvanic  coupling  to  graphite  for  1  week.  The  alloy  surfaces 
were  optically  reflective  after  testing  (and  appear  black  in  the  photograph), 
vrhile  only  a  small  amount  of  the  pure  Al  film  (light  areas  in  the  photograph) 
remained  after  7  days. 
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FIgun  4-49.  Qatfm9e  eumnt  dtagnm  lor  hott-troolod  Anio/P75  gropMtm 
eoupto. 


Ftgurm  4-SO.  Otdmile  eunmt  diogram  for  hoot  trmtod  AlW/Pn  gnpNto 
eouplo. 
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FIgun  4-51.  Compartaon  of  »urfaK0  appearanca  of  pura  Al,  AIMo,  AlW,  and 
haat-traatad  AlW. 

Galvanic  current  measurements  were  also  obtained  on  pure  Mg/P75  Gr 
and  Mg-2.6Cr/P75  Gr  couples  in  artificial  seawater.  These  results  are  presented 
in  Figures  4-52  and  4-53.  Since  the  Mg  and  Mg  alloys  are  much  more  active 
than  the  Al  alloys,  rapid  corrosion  resulted  in  exposure  of  the  underlying  Si 
substrate  in  a  matter  of  hours;  therefore,  only  the  galvanic  current  data  for  this 
time  period  is  shown.  The  rapid  corrosion  of  the  Mg  and  the  uncertainty  in  the 
exact  time  to  exposure  of  the  underlying  Si  make  interpretation  of  the  Mg 
galvanic  current  data  difficult.  Figure  4-52  shows  the  galvanic  current  vs.  time 
data  obtained  for  one  of  the  two  pure  Mg/P75  Gr  couples  with  a  cathode  to 
anode  area  ratio  of  0.16.  An  initial  current  of  786  (lA  was  noted  which  fell  to  a 
value  of  approximately  478  ^A  after  4  minutes.  At  30  minutes,  a  current  of  538 
^A  was  observed  which  increased  to  575  ^A  (720  |iA/cm^  at  1  hour 

and  then  decreased  for  the  duration  of  the  experiment.  No  Mg  was  found  on  the 
surface  of  the  Si  at  the  end  of  the  experiment.  The  second  couple  (c;a=0.12) 
exhibited  similar  behavior  and  had  a  final  current  density  of  425  iiA/cm^.  it  is 
estimated  that  the  galvanic  corrosion  current  density  for  the  Mg  is  approximately 
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570  tiA/cm^ .  Considering  a  constant  current  density  of  570  liA/cm^.  the  fiim 
woukJ  be  corroding  at  a  rate  of  1.5  irni/hr  and  wouid  be  lost  within  the  first  few 
hours  of  coupling.  Figure  4>53  shows  the  galvanic  current  vs.  time  data  for  one 
of  the  two  Mg-2.6Cr  alloy  couples  with  a  cathode  to  anode  area  ratio  of  0.16. 
For  tNs  couple,  initial  currents  of  35  pA  were  noted  which  fell  to  17.3  pA  after  45 
hours  and  then  rapidly  decreased.  The  second  couple  exhibited  an  initial 
current  of  1606  pA  which  rapidly  fell  to  211  |iA  after  two  minutes  and  finally 
dropped  to  a  steady  state  value  of  approximately  10  |iA  (6.3  iiA/cm^).  Again,  no 
material  remained  on  the  surface  of  the  Si  at  the  end  of  the  experiment.  An 
average  galvanic  corrosion  current  density  of  6  to  17  iiA/cm^  was  estimated  for 
this  alloy,  which  is  much  lower  than  the  current  density  for  the  pure  Mg  (570 
pA/cm^ )  and  is  the  result  of  the  dramatic  shift  in  Ecorr  for  the  nonequilibrium 
alloy.  The  measured  galvanic  current  density  for  the  Mg  alloy  (6-17  pA/cm^) 
compares  favorably  with  the  value  estimated  using  the  galvank:  diagram  (15.2 
pA/cm^. 


n^tn  4*42.  QatfmUe  eumnt  diagram  far  Para  fdgfPTB  grapMta  eoupla. 


81 


40 

30 

^  20 
10 

0 

0  200000  400000  600000 

TImm  Cs«c) 

FIgw  4-69.  GaNanIe  eunant  diagram  for  UgCr  (alley  TyP7B  graphha  eoupla. 
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5.0  DISCUSSION 

Alloying  Mg  or  Al  with  Cr.  Mo,  Ta.  or  W  to  form  binary  alloys  had  a 
significant  impact  on  their  corrosion  behavior.  In  general,  all  of  the  transition 
metals  studied  increased  the  corrosion  potential  of  Mg  to  more  noble  potentials. 
Figure  5-1  shows  the  dr^^endence  of  Ecorr  on  the  amount  of  each  solute  in  the 
alloy.  For  Cr,  Mo,  and  W,  Eoorr  increases  at  approximately  the  same  rate  as  a 
function  of  solute  concentration  (below  2  at.%).  As  the  solute  concentration 
increases,  ^x)rr  levels  off  for  the  alloy  containing  Cr,  whereas  Eoorr  continues  to 
increase  for  the  W-containing  alloy.  This  behavior  suggests  that  these  two 
elements  may  play  different  roles  in  affecting  the  corrosion  behavior  the  Mg. 
For  example,  if  Eoorr  is  controlled  by  the  effect  that  the  solute  has  on  the 
hydrogen  exchange  current  density,  this  result  indicates  that  Cr  would  be  less 
effective  at  controlling  the  hydrogen  reaction.  This  result  would  be  expected, 
because  Mg  and  Cr  have  similar  hydrogen  exchange  current  densities, 
whereas  the  other  three  elements  have  exchange  current  densities  almost  three 
orders  of  magnitude  greater  than  M^  and  Cr,  and  should  be  more  effective  at 
increasing  Econ  with  higher  soldte  concentrations.  Additional  work  will  need  to 
be  performed  to  elucidate  the  mechanism  controlling  the  observed  shift  in  ^x)rr. 
particulaiiy  in  light  of  the  rapid  dissolution  of  these  alloys  and  its  effect  on 
obtaining  steady-i  ite  conditions.  However,  the  behavior  of  Mg  may  be  similaur 
to  that  observed  for  the  Al  alloys,  where  Eoorr  can  be  impacted  by  alloying. 

The  behavior  of  Eoorr  in  the  Mg-Ta  system  would  seem  to  not  support  our 
theory.  Tantalum  has  an  exc^iange  current  density  similar  to  W.  yet  Eoorr  initially 
becomes  more  active  as  the  Mg  is  alloyed  with  Ta  This  result  is  probably 
related  to  the  large  Ta  particles  that  were  deposed  onto  these  films  during  their 
growth,  it  is  not  dear  why  Ta  partides  were  ejected  from  the  target  onto  the  film 
duriiH)  sputtering,  but  these  large  particles  would  surely  impact  the  film's 
corrosion  behavior.  Therefore,  the  Mg-Ta  results  must  be  viewed  in  the  light  of 
how  these  Ta  partides  could  alter  the  polarization  response  of  the  film. 
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Unfortunately  for  the  Mg  system,  the  change  in  Ecorr  ctoes  not  appear  to 
dramatically  improve  the  galvanic  compatibility  of  these  alloys  with  graphite. 
Exposure  of  Mg-7.6  at.  %  Mo  and  Mg-11.4  at.  %  W  on  graphite  substrates 
resulted  in  their  rapid  dissolution,  indicating  that  the  solutes  had  not  stabilized 


FIgurm  5-1.  ff— pon—  of  ffw  corrotlon  potmitM  (Eoorr)  for  the  iMg  oHoyo 
eontalrOng  ohhor  Cr,  Mo,  To,  or  W.  Eeorr  for  oaeh  Mg  Mloy 
rooponooo  MnMmfy  m  •  fmteUon  of  eoneontroMon  -  with  thm 
ometptlon  of  To  -  ot  low  eoneoatrotlono.  Abo¥o  2  OL  %,  Eoorr  for  W 
eoaUnuoo  to  Ineroooo  olgnMeontly  tbovo  -1400  mV(8CE). 

the  films  sufficiently  to  protect  them  from  attack.  Heat  treatment  results  also 
showed  that  the  Mg-11.4  at.  %  W  alloy  formed  precipitates  during  aging.  The 
relatively  high  galvanic  corrosion  rates  for  the  Mg  alloys  coupled  with  the  poor 
thermal  stability  of  Mg-W  precludes  further  evaluation  of  these  Mg-based  alloys 
as  potential  composite  matrix  materials. 


Sputtered  Ai  alloys  show  good  potential  for  use  as  matrix  materials  in 
graphite-reinforced  composite  systems.  The  major  limitation  of  these  alloys  will 
be  the  significant  increase  in  density  (compared  to  pure  Ai)  required  to  protect 
the  alloys  against  galvanic  attack  with  graphite.  The  density  of  these  alloys  can 
be  determined  from  equation  2: 
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(2) 


Pr-  Vt 

Where  is  the  alloy  density,  and  W2  are  the  weight  of  each  element  in  the 
alloy  and  Vj  is  the  total  volume.  This  equation  can  not  be  solved  directly,  but 
assuming  that  the  solute  substitutes  with  Al  or  Mg  atoms  in  the  lattice  without 
introducing  a  significant  volume  change,  the  alloy  density  can  be  rewritten  as: 

<3) 


where  p  is  the  density.  X  is  the  at.%  of  the  solute  in  the  alloy,  n  is  the  number  of 
atoms  in  the  unit  ceil  for  the  pure  element,  a  it  its  lattice  constant,  and  1  and  2 
denote  the  solute  and  base  metal  (Mg  or  Al).  respectively,  in  the  alloy.  The 
assumption  for  a  smaH  volume  change  should  only  lead  to  a  small  error  due  to 
the  dose  relative  atomic  size  of  the  transition  metals  with  Al.  The  error  will  be 
much  more  significant  for  the  Mg  alloys.  Solving  for  density  is  now  relatively 
simple.  For  example,  in  the  case  of  an  alloy  containing  20  at.%  W.  the  density 
of  the  alloy  would  be  approximately  5.8  gAcm^.  Molybdenum,  with  a  density  of 
only  10.28  g/cm^,  would  produce  an  Ai<20  at.%  Mo  alloy  with  a  density  of  4.1 
g/cm^,  and  at  10  at.%  Mo  the  density  would  be  3.5  gAcm^.  From  a  weight 
standpoint,  the  Al-Mo  alloys  would  have  a  significant  advantage.  However,  only 
the  high  solute  concentration  Al-Mo  and  Ai>W  alloys  maintained  a  single  phase 
structure  foltowing  heat  treatment  for  1  hour  at  400  C. 

Several  alloys  are  presently  under  investigation  that  combine  the  attractive 
corrosion  properties  of  Al  with  the  low  density  of  Mg  in  an  attempt  to  load  the 
alloys  with  high  density  transition  metals  without  paying  a  significant  weight 
penalty.  Early  results  on  the  Mg-AFW  alloys  have  not  been  promising,  with  the 
aHoy  pitting  at  potentlais  below -800  mV.  This  result  may  be  dependent  on  the 
odd  two-phase  structure  that  developed  during  deposition  in  this  alloy. 
However,  the  Al-Mg-W  alloy  (aHoy  #4)  exhibits  corrosion  resistance  equivalent 
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to  that  of  the  AI-19.1  at.%  Mo  and  the  Ai-25.9  at.%  W  alloys.  Further  tests  are 
being  conducted  on  the  AI-Mg>W  alloy  and  also  on  AFMg-Mo  alloys. 

XRD  results  suggest  that  the  films  are  more  stable  with  higher 
concentrations  of  solute  in  the  alloy.  This  result  is  surprising  and  not  intuitively 
obvious,  because  it  would  be  logical  to  conclude  that  the  alloys  having  a  higher 
concentration  of  solute  would  increase  precipitation,  particularly  above  0.5 
where  bulk  (volume)  diffusion  processes  begin  to  become  significant. 
Heat  treating  at  400*C  (~  0.7  T7r„)  would  be  expected  to  precipitate  the 
supersaturated  solute,  and  this  is  found  to  be  true  below  approximately  10  at.% 
solute.  Above  this  solute  concentration,  many  of  the  Mg  and  Al  alloys,  with  the 
exception  of  the  Al-Cr  and  the  Mg-Ta  alloys,  remain  stable.  Additional  studies 
into  the  mechanism  behind  this  behavior  are  presently  in  progress  and  will  be 
reported  in  the  next  annual  report. 

Eventually,  several  selected  alloys  will  be  deposited  onto  Gr  fibers  and 
consolidated  into  a  composite.  Although  corrosion  performance  is  the  key 
performance  criteria  to  meet  in  the  seiection  of  an  alloy  for  further  study,  other 
factors  will  be  critical  in  the  successful  fabrication  of  the  composite.  We  have 
already  discussed  the  role  of  density  on  composite  performance;  other 
variables  wHI  be  GTE  compatibility  and  mechanical  stability.  Large  differences 
in  GTE  between  the  fiber  and  the  matrix  wHI  result  in  introducing  large  residual 
stresses  during  cooling.  Gleariy  the  effect  of  residual  stress  is  undesirable,  both 
from  successfully  consolidating  the  composite  as  well  as  long  term  component 
performance.  Large  residual  stresses  exceeding  the  fracture  strength  of  the 
alloy  can  result  in  cracking  of  the  composite.  High  residual  stresses  can  also 
promote  stress  corrosion  cracking  in  aggressive  environments  and  reduce  the 
fatigue  life  of  the  metal.  Fortunately,  adding  the  transition  metals  reduces  the 
alloys  GTE  from  the  high  values  of  Mg  or  Ai.  thereby  reducing  microstrain.  The 
limitation  to  tNs  approach  is  that  too  much  transition  metal  can  lead  to  an  alloy 
with  an  amorphous  structure,  which  would  have  a  difficult  time  relieving 
stresses  by  yielding.  Therefore,  final  alloy  seiection  must  not  only  be  based  on 
the  corrosion  behavior  of  the  alloy,  but  also  on  the  processability  and 
fabhcabNity  of  the  aNoy.  For  this  reason,  we  would  suggest  selecting  an  AlaHoy 
wNh  the  minimum  solute  concentration  (either  W  or.  preferably.  Mo)  needed  to 
allow  high  temperature  processing  and  sti  provide  a  crystal  stnjcture  were  sHp 


86 


(yiekling)  is  possible.  A  better  choice,  fnxn  a  weight  standpoint,  would  be  an 
ternary  Ai  alloy  containing  both  Mg  and  a  solute  (W  or  Mo). 
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e.0  CONCLUSIONS 


TNs  year's  resutts  have  clearly  shown  that  Mg  based  alloys  containing 
either  Mo,  Cr.  W.  or  Ta,  will  not  be  suitable  for  use  In  a  graphite-reinforced 
composite.  Although  heat  treatment  conditions  have  been  identified  that  can  be 
used  to  consolidate  the  alloys  without  degrading  the  alloy  microstructure,  the 
limited  improvement  In  the  corrosion  performance  of  the  Mg  alloys  was 
insufficient  to  protect  them  from  galvanic  attack  when  coupled  to  graphite. 

Several  Al  based  alloys  have  been  identified  that  are  galvanically 
compatible  with  graphite  and  could  be  used  in  a  composite.  Ai-Mo  and  Ai-W 
alloys  containing  more  than  10  at.  %  solute  have  been  heat  treated  at  nominal 
consolidation  temperatures  and  retain  their  corrosion  resistance.  XRD  results 
show  no  evidence  of  alloy  degradation  after  heat  treating  and  the  alloys  remain 
as  single  phase  films.  Below  10  at.  %  solute,  the  films  can  not  be  heat  treated 
without  the  solute  reacting  to  form  Al  intermetaillc  phases,  which  degrade 
corrosion  performance. 

The  performance  of  the  AlMgW  alloy  is  also  very  promising  and  the  next 
phase  of  the  program  will  focus  on  AlMgW  arxf  AlMgMo  ternaries  in  addition  to 
Al-Mo  and  Ai-W  as  potential  matrix  materials  for  Gr  reinforced  composites. 
Matrix  metal  corrosion  performance  will  be  emphasized  in  further  alloy  down 
selection;  however,  other  key  material  properties,  such  as  density  and  strength, 
will  also  be  taken  into  consideration. 
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